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CHAPTER I 



INTRODUCTION 



Althoxigb much haa been written concerning shaped charges, 
adequate coordination of this material has not been effected and as a 
result, many different sources must be scrutinized to determine what 
has been accomplished in the field. 

It is the purpose of this work therefore to effect such coord- 
ination and to bring under one corer a comprehensive siirvey of the 
literature including the most recent developments. 

THE SHAPED CHARGE DEFINED 

••Shaped charge*» is the name consnonly applied to any explosive 
charge which is hollowed out on the side facing the object to be at- 
tacked. The penetration produced on detonating such a charge Is much 
greater than if a solid charge of the same outside dimensions were used. 

The essential difference between the effect obtained with a shaped 
charge and solid charges is that whereas the solid charge exerts a gen- 
eral shattering effect, the hollow charge exerts a directional, piercing 
effect and ptmehes a hole in the hardest of steel or the most resistant 
of concrete. If the shaped portion of the charge is lined with a thin 
metal, an enormous increase in penetrating power is obtained; and if, 
in addition, the charge is held away from the target a fixed distance 
called the standoff distance, the penetrating power is increased still 
further. 
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1^10 cavity hoa been {»lven a variety of {^ootaetrical ohnpeaj e.g. » 
cones, hemispheres, paraboloids, pear shapes, trirrpet shapes, and linear 
V-shaped vvedgos, and the associated phencmonon is variously called th« 
T-nmroe effect, the Feuraann effect, the cavity effect, the hollow charge 
effect, the directed blasting effect, and of course the shaped charge 
effect™ The use of the terra "ahajjed charge" was originally adopted by 
the military d tiring ^rld vir II in an effort to ocrvouflago the true 
identity of the charge, for to the uninfonued, a shaped charge night have 




Fig« 1. Effect of different charges is shown by four stoel 
blocks v;hich were actually fired upon in cxperlraente, Tho cliarges 
above tho blocks are wooden replicas, (50) 



any configuration. 

It should be pointed out that the true htinroe effect la that which 
is obtained by the use of an unlined, hollow charge, whereas whenever the 
tern shaped charge is used, a l ined, hollow charge is generally iraplied. 
Certain authorities in this field fool that the shaped charge effect 
should be called the rnotnlllc Jot effect. 
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Fig. 1 shows four rectangular steel blocks, each of wdilch has 
been struck by a different type of explosire charge. The ri£^t-hand 
block has scarcely been dented by a conventional solid charge. The 



next block has a sioall hole in it caused by an unlined, conical shaped 
charge. The third block frcsn the right shows the effect of a metal- 
lined shaped charge, the charge having been held against the steel block. 
The foxirth block shows the deepest penetration caused by the same lined 
charge which has now been held away from the steel block a fixed dis- 
tance, which as was previously mentioned, is called the standoff dis- 
tance, or simply standoff, 

A striking illustration of the directional effect of the hollow 
charge is shown by Fig, 2 in which a shaped charge was fired vertically 
upward in a night demonstration at Aberdeen Proving Grounds, 

Fig, 3 shows the essential featxires of two types of shaped 
charges with hemispherical and conical lined cavities. Hollow conical 
liners for penetration and hollow V-shaped liners for cutting have been 
encountered most frequently and have been most thoroughly investigated. 

It is desired to point out that the mechanism of Jet formation shown in 
Fig. 3 is the old **apall theory* which has been found to be erroneous, 
and has since been superseded by more modern theories. The theory of 
jet formation la taken up in detail in Chapter II. 



Mining engineers have long known that some of the force of an 
explosive charge can bo concentrated on a small area by cutting out a 
little "chtink" of dynamite before placing the stick against the object 
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Fig. 2. Night photograph of a shaped charge fired rerti* 
cally upward during a demonstration at Aberdeen Proving Grounds. 
Height of Jet is approximately 250 feet. (19) 
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to doatroyod* h® carlloot loia’m rofcronco to this woe r -^!o In 1702, 
-one of the earliest rocordod work vjhleh pfxre ovldonoo of this 
phenooionon was don« In 1C03 by ax Tron Torotor, onrlnoor and euporln* 
tendont of tho Run-cotton factory of nx olff and ComTseny of 'olorodoj 
remany. In \u(?uat Tleutonnnt John V, looer, tJ, ’^ny, trans- 

lated for Van Noatrand’s nrinaerln^ a^f^nain® (f>4) an oarllor nrtlcl® 



by Ton • orotor daocribinr; exoc.rl’nonts conducted to dateannlno in what nan- 
nor corprosend run-cotton choxild be applied to obtain the rreotoet emd 
moot useful offoctco Von "orstcr attacked load cyllndors with cyllndrlcnl 
charfroB of run-cotton, both oolld and hnvinr cylindrical hollows as shofm 
in Flco 4o 




|^.BL«STING CA 



CXPLOSIVE 



CASE 




lr« Jketches of ohaped chnr( 5 es with (a) hcnl- 
aphorlcal and (b) conical r»tal- lined cavltloa nhowlnc 
TOChanlm of formation of ’unroo effect, (25) 



UNCLASSIFIED 



CLASSIFIED 



- 6 - 




He made the Important discovery that thr effect on the object 
attacked was greater in the case of hollow charges than in solid ones 
of the sane outside dimensions, even though the solid ones contained 
more explosive. He realized that if he could give the gases of the 
detonated gun-cotton a fixed direction toward the object under attack, 
the destructive effect would be Increased, 

Von Forster stated that his experiments furnished two means of 
attaining this end. First, the primer must always be placed on the side 
opposite the charge, as the detonation of the primer gives the detonation 
gases a direction away from itself and toward the side opposite, A 
second method of giving the detonation gases a fixed direction consisted 
in furnishing the cartridge with a hollow opening, on the side opposite 
the primer and adjacent to the object to bo destroyed. 

He found that In cxplosione against wrought Iron, a strong im- 
pression of the cross-section of the hollow opening of the cartridge ap- 
peared which was twice the depth of the impression produced by a solid 
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cartridge. 

Von Foreter also node what he believed to be an entirely origin- 
al observation that if a piece of compressed gim-cotton is placed on a 
piece of iron, an accurate impression of the form of the tinder surface 
of the gun-cotton is produced by the detonation. Every angle, every 
projection and every indentation present in the gun-cotton is impressed 
on the underlying iron. Von Forster held that the gases produced have 
copied the form of the gun-cotton and transferred or transnltted it to 
the iron, and "that the gases acting on the iron have occupied exactly 
the same space, and no more, than the solid explosive previously occupied." 
Hence he concluded that "only the gases evolved by the very undermost 
layer of gun-cotton act on the iron, while the others are lost.** 

In February of 1886, Er. Charles E. ifunroe, generally conceded to 
be the most prominent pioneer in this field, relates in his "Notes on 
the Literature of Explosives" (36) of how he had encountered Lt. Wisser’s 
translation of von Forster's article. I-hinroe states that the author's 
explanation for the caxise of the impressions made by the compressed 
gun-cotton was "as novel as the observation." 

Munroe claims that, bcfoie meeting with von Forster's article, 
he had seen similar impressions jaroduced in iron by the detonation of 
disks of gun-cotton upon iron (35), but that he considered then duo to 
projection; the residual gun-cotton being driven into the metal by the 
explosion of the original mass. He went on to say (39)j 

"Of course, wo are met here by the difficulties that 
this hypothesis implies: (1) That the presstire exerted upon 
the residual mass of gun-cotton is transmitted more rapidly 
than the explosive reaction is ijropagnted within the mass, 
and (2) it implies also a great rigidity or coherence for 
this mass. The last condition requires that which is a 
property of masses of matter when moving at high velocities 
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88 in the well known candle experiment, and in the cutting 
of steel by soft iron and the like. The difficulties pre- 
sented in the first condition do not seem so great as those 
in Lieutenant von Forster's hypothesis. 

"Sane months subsequent to this, (1886) Commander 
T, F, Jewell, U, 3, Navy, read a paper before the /unerlcan 
Association for the Advancement of Science on the 'Apparent 
resistance of a body of air to a change of form under sudden 
compression,' and presented as an example of the action of 
this phenomenon, an iron plate upon which a disk of gun-cotton 
had been detonated. The letters U, 3, N. and the figures 1884 
had been indented in the surface of the gun-cotton, and sim- 
ilar letters and figures were found indented In the iron plate. 

He held that this Indentation was duo to the fact that the air 
enclosed in the letters and figures In the disk acted, imder 
the sudden and enormous pressure to which It was subjected, 
like a hard body and was thus driven Into the iron, 

"In a later pamphlet (Berlin, 1886) von Forster again 
states that the gases generated by tte detonation of the gun- 
cotton have, in the first Instant, end as long as they exert 
their maximum force, the exact rorm and occupy the same space 
as was occupied by the gun-cotton before detonation and thus 
they produce an exact Impression on the plate of the surface 
of the gun-cotton In contact with it, and he also says that 
the suddenness with which the power is exerted is shown by 
placing a leaf between the gun-cotton disk and the iron, for 
after detonation the whole frame or skeleton of the leaf will 
he found raised upon the Iron. He explains that this is due 
to the larger as well as the smaller ribs of the leaf pro- 
tecting the underlying parts of the iron while the thinner 
parts between could not yield such protection, and under them 
the Impression is deei>er." 

•Qiis was the condition of the subject when Munroe again began to 
study It experimentally in 1886 while at the Naval Torpedo Station, New- 
port, R,I, in the capacity of Chemist to the Torpedo Corps, TJ, S. Navy. 

He first placed upon iron plates some gun-cotton disks In which figures 
and letters were indented, and upon detonation obtained impressions on 
the plates in which these were also Indented, He next used disks having 
raised letters and figures and obtained Impreaslons in which these were 
also raised. Next he cut deep channela in the disks, of various forms, 
taking care that they always communicated with the outer air so that there 
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Tig* So Disk of gun cotton (right) and iron plate (left) uxx>n 
which a disk has been detonatodo The lottere and figures stasiped 
in tha disk are repTOducad in precisely the sane relation on the 
iron plate « (40) 





Tiew frea below 



Klewation 



Figo 6» Hollow dynsBilte charge as constructed by Vunroa in 
1691 for blasting a hole in a aafOo Sticks of dynamite ware lashed 
around the outside of a tin can resulting in a cylindrical cavltyo 
« 0 ) 
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would be no air confined in them, and again the tmpreaaions were exactly 
reproduced in the iron. He next filled the indented letters and figures, 
in disks such as Jewell had used, with paraffin and with vaseline, so 
that the material was flush with the stu*face of the disk, and, on deton- 
ation, the letters and figures were found to have been obliterated. He 
next struck, with stamps, similar letters and figures on an iron plate. 
This plate was laid face downward on another iron plate and a lettered 
gun-cotton disk was placed on the upper plate and detonated. The result 
was, that while the gxai-cotton disks produced the usual indented letters 
on the back of the top plate of iron, the top plate in whose letters and 
figures air was also confined and which v«s subjected to the sar® blow, 
produced raised letters and figures on the iron plate on Tdiich it rested. 
According to h'unroe (39) in a talk given before The Kewport Natur- 
al History Society on October 20, 1886: 

•These last three experiments certainly seen to prove 
that the resistance of air to compression has nothing to do 
with this action. Again, when we consider how enormous the 
pressxire to which this air is subjected becomes, we must be- 
lieve that, no natter how suddenly the form is applied, the 
air must undergo some compression, yet we find that the in- 
dentations in the iron are often nearly as deep as those in 
the gun-cotton. 

•In considering von Forster’s hypothesis, we ere will- 
ing to admit that the gases at the time of detonation pos- 
sess the exact form and occupy the same space as the gun- 
cotton frcaa which they are ferried provided the change takes 
place instantaneously. But It does not; in fact it occupies 
so appreciable a period of time, that the rate of propaga- 
tion of the detonation in it has boon measured. Apart from 
this and even granting it, it will be observed that von 
Forster does not explain how the impression is to be produced 
by the gas. If the gas moves as a coheirent mass, than tlie 
impressions should be the reverse of what we get. 

•From my recent experiments, I am the more strongly 
convinced that the effect is a purely balliatic one and that 
while the base of the gun-cotton, or its products, are pro- 
jected as a whole against the plate, where the Intervening 
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spaces are the greatest, there we have the greatest Inden- 
tation. This Is true, alao. In the leaf experiment which 
has been exquisitely reproduced. The varying thicknesses 
of the leaf vary the distances throu^ which the material 
is projected and hence the form and texture is reproduced 
in the Impression. 

**I take pleasure in exhibiting the specimens de- 
scribed and also two others which I have produced today. . . .•* 

In another test (40) Tvlunroe soaked several cylinders of gun- 
cotton in water and bored holes of various diameters and depths Into 
them. Including one with a 1-3/4 inch hole bored completely throng the 
cylinder. These wet disks were then placed on an iron plate and a sim- 
ilar dry disk of gun-cotton was placed on each as a primer. Upon firing, 
it was fotmd that the deeper and wider the holes in the gun-cotton, the 
deeper and wider were the holes produced in the iron plate. In the case 
of the completely perforated gun-cotton cylinder, the iron plate was 
found to be completely perforated. 

Ikmroe also made impressions of leaves, pieces of lace, coins, 
pieces of wire gauze, etc. on a gun-cotton disk and on firing, found 
that the objects were reproduced upon an iron plate with utmost fidelity. 

In 1890, a conmisslon was appointed by Congress for the purpose 
of determining the best method of safe and vault construction with a view 
to renewing or Improving the vault facilities of the Treasury Department. 
Prof. Charles E. Munroe, then at the U. S. Naval Torpedo Station, Newport, 
n. I. , was called upon by this comnlssion to demonstrate how safes ml^t 
bo successfully attached, /jnong the many experiments conducted by Munroe 
and his assistant. First Lieutenant Samuel Rodman, Jr., D. S. Army, to 
demonstrate the resistance of safes and vaults then in production and use, 
was one made in December 1891 upon a cubical safe with walls 4-3/4 InclKss 
thick, made up of plates of iron and steel. 
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For this tost, I'lmroe assembled what is undoubtedly the first 
practical shaped charge, and unwittingly incorporated into it a metal 
liner in the form of a tin can. This hollow charge, shown in Fig, 6, 
was made by tying sticks of dynamite around and upon the cloned end of 
a tin can. (45) The aggregate weight of the dynamite was 9-1/8 pounds, 
F.hen the charge was placed upon the safe, with the open mouth of the 
can against the safe, and detonated from the opposite end, a hole 3 
inches in diameter was blown clear throu{^ the 4-3/4 inch wall, upon 
which a solid charge of the same weight and material had previously 
produced no material effect. 

Another proRinent, but somewhat later, worker in this field was 
Egon Neumann who claimed discovery of the effect in the Zeitschrift 
fllr angewandte Chemle of November 24, 1911, for himself and his co- 
workers. Me says ’’Me hove found in the lost few months thst if a hol- 
low be made in an explosive cartridge on the side towards the object to 
be blasted, the effect is increased four- or five-fold," 

It appears that Keunann was probably the first person to use a 
conical cavity in shaped charges. He also used a metal liner, but ap- 
parently did not appreciate the sizeable Increase in penetrating power 
resulting from its use. He, like L^unroe before him, apparently used it 
as a means of giving the desired shape to the cavity, for he Indicates 
that no detrimental effects result if the liner is not removed before 
firing. 

In 1915, in his book on Explosives, Arthur Marshall originally 
ascribed credit for the discovery of the hollow charge effect to Neumann, 
However, upon learning of Hunroe’s much earlier work, he made public his 
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error and gave credit for the discovery to Iv’unroe, (28) 

Although the shaped charge effect had been known for a good 
many years, all nations generally were relatively alow in adapting 
it to military or industrial uae. Patents for Neumann’s dlscoveiy 
of the hollow charge effect had been taken out in Germany in 1910 
(Ger. Pat* Ana. W. 36,269 of 14.12.1910) and in England in 1911 (Eng* 

Pat. 28,030 of 13.12.1911), yet as late as 1920, A. Marshall stated 
that "No practical use has apparently been made of this discovery, but 
it is of interest as throwing a light on the nature of the detonation 
wave." (28) 

Not xmtil about 1939 did the U. 8. Ordnance Department begin to 
apply the shaped charge principle in practical armor-piercing aimunition, 
and its subsequent development and utilization during World War II was 
one of the most important scientific advancements made in the field of 
explosives during that war. The work of United Nations and <1xie scien- 
tists in the investigation of the principles and applications of the shaped 
charge placed modern warfare on a new basis. A number of new and devas- 
tating weapons were added which necessitated drastic changes in military 
tactics. This has been particularly emphasized during the current con- 
flict in Korea when the tremendous initial advantage of the Red mass tank 
attacks was later almost nullified by United States infantry, vehicular, 
and air-bome anti-tank weapons incorporating the shaped charge. Cormu- 
nlst tank movements soon became almost limited to night operations be- 
cause of the lethality of the hard-hitting /jaerican shaped charge weapons. 

Although the shaped charge received assiduous attention and tre- 
mendous Impetus by the military during the World War II era, it was not 
without a limited degree of progress along non-military lines. Many 
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engineers and others who witnessed the shaped charge in action during 
fTorld War II iinmedlately foresaw great possibilities for it in the in- 
dustrial world, and as soon as the veil of security was lifted suffi- 
ciently, applications for a variety of patents incorporating the Vunroe 
effect coOTnenced to flow into the Patent Office, 

The various methods in which the shaped charge has been utilized 
are taken up later in this woz‘k. 
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"I often say that when you can cieastire what you are 
speaking about, and express it in numbers, you know some- 
thing about it; but when you cannot express it in ntimbers, 
your knowledge is of a meagre and unsatisfactory kind; it 
may be the beginning of knowledge, but you have scarcely, 
in your thoughts, advanced to the stage of science, what- 
ever the matter may be,** 

Lord Kelvin, Addresses, 1883 

until relatively recent years, the shaped charge effect was 
strictly a phenomenon. The various early investigators had hypothe- 
sized as to what occurred during the explosive reaction, but none had 
dared attack the mathematics of the problem. 

Arthur Marshall in 1920 had to some extent correctly envisioned 
the sequence of events that gave the shaped charge its penetrating action 
when he stated (28): 

•♦The wave, consisting of such gas constantly renewed, 
advances through the explosive with a velocity of several 
thousand meters a second. Tdiere the wave is in contact 
with the botmdary of the explosive the gas flies off at 
right angles to the boundary and a fresh wave is formed. 

.... In the axis of the hollow of one of these bored- 
out charges the waves of highly compressed air come to- 
gether with enormous violence, and necessarily produce a 
blast in the same direction as the original wave of deton- 
ation. This is not only much more Intense than the orig- 
inal wave, because it is more concentrated, but it also 
lasts longer, with the result that the metal plate is 
carried right away, , . 

Although satisfactory raathematicel theories hod been developed 
during World War II, it was not until June of 1948 that they found their 
way into the open literature. These theories, which are subsequently 
presented in this work, were developed during the latter part of 1943 
and the early port of 1944 by Garrett Birkhoff of Harvard University, 
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Duncon Po MocDoTigall of the Naval Ordnance Laboratory, nerson P<, 

Pugh of Comoglo Institute of Technology, and Sir Geoffrey Ttaylor 
of Trinity College , England while working as a group in Fnglond and 
later in the United Stateso They are reproduced in the following dis- 
cussion alnost in their entirety® 

Sinco most of the reliable data concerning shaped chargee have 
been obtained with cone-linod charges, most of the following discussion 
will apply only to them. 




Fig® 8, Hollow charge with r 

wedge-shaped liner in the ! 

process of exploding® ; 7! 

Detonation wave has — I 

passed over most of ' 

the liner which is in process 1 
of collapsing® (2) 




Detonation Wave 



BASIC CTPTOIPL^S 

Tho basic principles involved in the phenooienon are outwardly 
fairly simple, and using a crude analogy, can bo likened to tJ» squoen- 
ing of toothpaste out of a tube® Ibe mechanism of cone collapse and 
tho resulting foraiation of high speed Jets have been revealed by means 
of high speed radiographs made dviring the explosion process® 

Referring to Figs® 7 and 8, tho detonation of the booster starts 
sn explosive wave down the charge® Hhen this wav© reechos tho apex of 
the lined cone, it suddenly produces xery high preasurco on the outside 
of this cone causing its walls to collapse® Tho forces are so great 
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that the strength of the netal liner has a negligible effect on the 
process, and the metal can be treated as though it were a perfect fluid. 

I'he explosive pressures on the outside cause the thin walls of the cone 
to move inward nearly i>eri)endicular to their surfaces at high velocities. 

The moving metal retains a conical shape with the apex moving to the 
right along the axis. To the left behind the moving apex is found a 
section of thoroughly collapsed cone which contains metal only from the 
outer part of the cone, The inner part of the cone forms a Jet which 
is squeezed out from the inner apex of the lining and travels at high 
speeds along the axis, to the right os shown in Fig. 6. In other words, 
the metal in the cone lining divides into two parts with the dividing 
surface between these tv© parts being a cone lying somewhere between the 
inner and outer surfaces of the original hollow cone. This has been con- 
firmed in England by Kolsky, Snow and shearman using bimetallic liners. (S2) 
The metal from the outer cone forms into a slug that travels to the right 
at relatively slow speeds {1500 to 3000 ft/sec.) which are in the speed 
range of artillery projectiles. The metal from the inner cone on the 
other hand, forms into a Jet that travels to the right along the axis 
at very high speeds (6000 to 30,000 ft/sec,). It is this Jet that is 
solely responsible for producing deep penetrations. This extreme speed 
of 30,000 feet per second, however, is considerably smaller than the 
theoretical upper limit of Jet velocity which as will be explained later, 
la equal to twice the detonation velocity. For the most highly brisant 
explosives, this is approximately 56,000 feet per second. 

In 1945 in Bofors, Sweden, Professor W, Welbull photographed the 
detonation process of a shai>ed charge having a 60® cone of 1-im, steel 
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plate and loaded with 200 grama of pentollte. The camera used had a 
speed of 5000 frames per second, Hia calculations showed the Jot 
front to hare a velocity of about 21,000 feet per second. The tail- 
ing slug was a separate solid piece with a velocity of about 2,100 
feet per second, (15) 

In the United States, flash radiographic techniques which poirait 
excellent studies of shaped charge phenomena have been used extensively 
at the Ballistic Research Laboratories, Aberdeen Proving Ground, Mary- 
land, Fig* 9 illustrates quite clearly the mechanism of cone collapse. 

It should be noted that in this figure, the jet is travelling from ri^t 
to left. In obtaining this series of radiographs, four different charges 
of identical size and construction were successively detonated and photo- 
graphed tising a VJestlnghouse Mioronex unit. X-ray bursts of the order of 
one microsecond were used, only one flash radiograph being made for each 
charge at a different stage of the detonation process. Timing of the 
X-ray flash was accanplished by a Primacord clock technique. 

Fig, 10 is another flash radiograph showing a metal Jet perfor- 
ating two parallel steel plates inclined at an angle of 45*^ with the 
direction of the Jet, Here again, the Jet is traveling from right to 
left. Note that the Jet is to all Intents and purposes undevlated in 
its passage throng the plates, Excellent flash radiographs have also 
been taken of the detonation of electric blasting caps which also incor- 
porate the Munroe effect. 

Improved methods of instrumentation have done much toward improv- 
ing our knowledge of the shaped charge phenomenon. One slight disadvan- 
tage of the flash radiograph technique is that it can only be tjsed for 
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Fig. 9# Flash radiographs of metal-lined cavity charges, 
(a) before detonation. The high explosive charge is cast about 
the 0.020-in. thick, 45® steel liner, and the charge diameter is 
the same as that of the base of the cone, not including the base 
flange. A 0.002-in. lead indicator strip is cemented along the 
top of the charge; (b) At approximately the instant the 
detonation reached the base of the conical liner; i.e., at the 
instant the last bit of charge detonated. The metal jet is seen 
inside the cone along the axis; (c) 4.8 microseconds after 
detonation reached base of cone; (d) 22.5 microseconds after 
detonation reached base of conical liner. The undisturbed 
base flange of the liner, the metal jet, and the slug are seen. 

(9) 




Fig. 10. Flash radiograph of a metal jet after perforating 
two i-in. mild steel targets set at 45® with the direction of 
the jet. The slug, seen at right, moves relatively slowly and 
performs no part in target penetration. (9) 
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the study of relatively small charges. 

Extensive studies are being done at Carnegie Institute of Tech- 
nology using super-hlf^-speed camera techniques Involving the electrical 
Kerr cell. By the use of transparent targets, excellent data may be ob- 
tained, even for relatively large charges. The Kerr cell technique Is 
not suitable for the study of cone collapse, however. 

For obtaining jet velocities, rotating mirror and rotating drum 
cameras are widely used. These produce streak pictures, from which slope 
measurements are made to yield jet velocities. 

The collapse process of hemispherical liners has not been studied 
as extensively as have those of conical and wedge-shaped liners, A se- 
ries of ingenious experiments conducted in England by Kolsky (23) in- 
dicate that a different phenomenon is involved here. The method employed 
by Kolsky was to enclose the explosive charge in a glass tube 1 cm, in 
diameter and separate the explosive from the liner with water layers of 
different thicknesses. The charges were fired into water and the frag- 
ments recovered. These experiments showed that in the case of hemi- 
sj^erlcal charges, the liner is turned inside out into a roughly conical 
shape with the rotinded apex pointing in the direction of travel. Later 
the liner folds up behind this rounded apex which then breaks away from 
the rest of the liner duo to its greater speed. Hence it is evident that 
a mechanism different from the hydrodynamic theory for conical and wedge- 
shaped liners is operative here. No mathematical theory has as yet been 
worked out for hemispherical liners, 

MAmey-ATICAL treati-o^ 



An elementary mathematical discussion of the phenomenon will now 
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be presented. Consider again Figs. 7 and 8, We oesume that, after 
the walla hare received an original Irapuloe from the detonation wave, 
the pressure on all eldea of the liner quickly equalizes and the walls 
continue to collapse Inward with no appreciable change in velocity. 

Because of the finite time requlxed for the wave to travel from the apex 
of the liner to the bosOf the angle Z/3 between the moving walls is 
larger than that between the walls of the original liner. 

Actually the effect of the detonation pressures acting for a very 
short distance is to give the liner a velocity Vq which bisects the angle 
between the perpendicular to the original liner surface, and the perpen- 
dicular to the collapsing liner surface, 

TO show that V© bisects the angle APP» in Fig, 12, consider a co- 
ordinate system having a constemt velocity such that the origin moves 
from P to P* in unit time. In those coordinates a steady-state condi- 
tion exists in the region of the origin, with the liner flowing in along 
P*P, following e curved path and flowing out along PA, The curved path 
is caused by pressures on the liner from the detonation wave which have a 
constant distribution in these moving coordinates. The velocity of the 
liner passing through this region changes its direction but not its mag- 
nitude, since the pressure forces are everywhere perpendicular to the motion, 
let P’P and P*B (parallel to PA) represent, respectively, the 
entering and emerging velocities of the liner in the moving system. These 
are equal in magnitude. Since the velocity of the moving system is 
PP*, the velocity of the collapsing liner in the atatlonary system is 
the vector sum PP* ♦ P»B ■ PB ■ Vq, Also, since the triangle DPP’ le 
isosceles and since P’B is parallel to PA, angle BPP* ■ angle PBP* - 
angle BPA, Therefore Vq bisects the angle APP’, 
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IliP trails of the collapslnf; liner are two planes rrovinp In- 
ward, 03 shown in Fig* 11, 

From Figs 12 the Junction of these pianos around A novea to 
B with a Telocity 

Vl " £"^o l/S((3-«c)/eln 

A roTliJg ohserrer stationed at this novlng Junction (point A) would 
find any rclnt p In the upper plane raoring with a Telocity equal to the 
vector difference between the velocity of the walls and the Toloclty of 
the Junction, '^ua ho would see the point P coming toward him with a 
velocity 

Vg « /"Vq cos l/2((3-o<)/tan^ ♦ 

Vq stn l/2(^- oc)« 

Turtheimore, as shown qualitatively by 
5-ray pictures and as shown in Fig. 

13, he will see a "Jet" moving off 
to the right and a "slug" -novlng to the left. 

Ws now cono to the crucial nolnt of tho 
discussion, \8 vlewod by our obser 
ver, the whole process a nnesro to 
be unchanged hy the lapse of time. 

In hydrodynamic language It nppeara to be s "steady motion," from which It 
follows that we enn U3C ”emo\xlll*n eqiiatlon 

ySp/^ (p) ♦ 1/0T7^ n const, (1) 

relating the presaxiro p end the velocity U, If the liner la nearly Incoin- 
preeslblo so that ^ lo constant, this reduces to tho simpler and 

more familiar equation 

1/2 ■ const, (1* ) 



Fig. 11, Formation of jet and sluj; from a cone or wed^^e- 
sha[)ed liner whose sides collapse with constant velocity 
Vo as a result of the explosion of a cliarj^e that was in 
contact with the outer surface. I’he solid lines .show condi- 
tions at an early instant of time, and the dotted lines show 
conditions after the walls have mo\'ed a distance equal to 
the \'elocit\' To. (2) 
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In either case, the proscxire at any point In the fluid determines the 
velocity of the fluid at that pointo Aaovme that tho liner moves 
away from the exploded eases so fast that the pressure on its surface 



Fig* IS 9 Gcoinc'tr\ of ihe col- 
lapse process. OPP' is ihe upper 
fialf of ihc original cone or 
wedge. .1/', the collapsing sec- 
tion, is moving willi a velocitv 
I 0 . whose direction bisects the 
angle APP\ I'hc deton at ion 
wave (\elocity Trf) will move 
from P to P' in unit time at 
which lime P'H will become the 
collapsing section. The junction 
A will move to B in unit tinu; 
at a velocity 

ro(sind/.sin/3) 

= l^o[cosj(/!?— df)/sin/i]. 
since 0 = 90°— 

( 8 ) 



Is very low and hence the p3?easurea are constant on all of tho surfaces 
of tho collapsing llnero This Is a well-known sltxiatlonj and the 
boundary streosnlines at constant pressure (hence velocity) are called 
"free streanllnes* '* IJance,, as viewed by tho observer, the jet and 
slug will appear to i«cede with exactly the same speed, Vg, as the 
walls appear to approach; this Is shown In Flg» 13» In partlciilar, 
during collapse, tho Jet end slug will have exactly the some lengthy 



Fig* 13, Formation of jet and 
slug by a cone or wedge-shaped 
liner shown in Fig* 11 frcci 
the point of view of en obser- 
ver ststlonod at the moving 
Junction, 4, ( 8 ) 



This is observed experlnontally* 

Going back to the stationary systaai of coordinates. It is seen 
that tho forward Jot (travellTig to tho right in Fig* 13) has a velo- 
city given by 





V - Vj ♦ V 2 
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while the backward Jet or "slug" (trayellng to the left In the moving 
system of Fig. 13) actually has a small velocity to the right given by 

Vs - Vi - Vg 

It may help to visualize the process to consider that: if the 
point P (fixed in the upper plane, Fig. 11) travels to point B (fixed 
in space) in unit tine, the material from the inner surface of the 
upper plane Included between PA and AB moves into the Jet, and the 
front of the Jet moves to the right a distance equal to PA AB in 
the same time. Thus this material forms the very high velocity Jet 
that is responsible for the deep penetrations. Its velocity is 



( 



V - 



co a ♦ ys V.2( ♦ sin l/2(^-oC) 

( sin /S tan (S , v w / j 



). ( 2 ) 



The material from the outer surface of each plane forms a slug 
and moves with the relatively low velocity 



V- » Vo ( eoB l/2( (3«o<-) 



cos l/2( ^-oc) , , i 

sin 1/2 ((3-oOj^ jgj 



( sin (3 ~ tan ^ 

The principal of the conservation of momentum determines the man- 
ner with which the material of the collapsing planes divides between the 
Jet and the slug. Let m be the total mass per unit length of the two 
collapsing planes approaching the Junction, Let mj be that part of m 
going into the Jet and be that going into the slvig. Then 
m ■ mj ♦ mg. Equating the horizontal components of raomentuiybefore to 
those after passing the Junction A in the moving coordinate system of 
Fig. IS, 

mVg cos (3 ■ mgV 2 - mjVg 

ij « (m/2)(l - cos (3) ) 



mi 






(m/2)(l ♦ cos<3) 



I 



(t) 
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According to this simple pictiire, the velocities of the jet and 
slug and their cross-sectional thicknesses are constant. Also, from 
the last equation, it may he seen that from weldings of the masses of 
the liner and the salvaged slug, the angle (3 can be evaluated without 
recourse to flash radiographic meas^^^ement♦ 

The case of a conical liner may be treated in the same way. How- 
ever, in this case the walls converge on the axis from all sides. The 
moving observer must travel at the sane rate as in the case of the wedge. 
However, in order for the process to appear stationary to hin, the total 
mass per unit distance along the axis must be constant. This is only 
approximately true in the case of a liner of constant thickness; to be 
exactly true, the liner thickness would have to be inversely propor- 
tional to the distance from the aj)ex. 

In the case of a plane detonation wave traveling parallel to the 
axis with constant speed U^, we can even compute from the funda- 
mental relation 

Ud , Yq cos l/2(^-o4.) 
cos c<w sin ( <9- ot) 

which follows by p\ire geometry from Fig, 12. This replaces formulas 

(2)-(3) by 

V « Ud ( esc ^ + ctn (3 ♦ tan 1/2 (0- o<.) | . 

COS C<. ' } $ ) 

Vg « Ud ( CSC ^ - ctn^ - tan 1/2 ) 

cosoc ( ;. (3*; 

The jet velocity increases as the angle decreases, since ^ 
also decreases. 7/ith such a detonation wave, the velocity approaches a 
maxlnum as oC approaches zero. From equation (2’) 
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V « 2 Ug when oc ■> 0 , 

'fche jet velocity cannot exceed twice the detonation •roloclty . 

In the hypothetical case of a conical ware front, noving perpen- 
dicular to the surface of a conical liner so that it strikes ell sur- 
faces at the sane instant, /3 » ot and the velocities of the Jet and 
slug from Eqs, (2)- (3) take the simple fora 
V ■ (Vo/sin oc)(l 4 cosoC), 

Vs • (Vo/oinot)(i . cosoC), 

With wave fronts of this sort, the velocity of the Jet could be in- 
creased indefinitely by decreasing the cone aiy?le» However, as oc 
tends to zero, the mass of the Jet 

I B4 • (h/ 2)(1 - cos oc) J and the reomentm of the Jet 
' J ) 



I iiijV a (viVq/Z) sin cC I both tend to zero. 



■phcperlnents have been conducted to change the shape of the deton- 
ation wave from planar to curvilinear in an ettemi>t to make p equal oC . 
(7) Inert aluainun disks 1-1/2 in, in diameter and 3/8-in, thick were 
inserted in 3-in. charges at varying distances from the top of the 
charge. The only effect produced was to Impede the mechanism of Jet 
foraation when the disk was placed close to the cavity liner. 

In summarizing, the mathcraatical theories presented above pre- 
dict Jet and slug velocities as in (2)-(3), (2*)-(3*), and Jet and slug 
masses as in (4) both for conical and wedge-shaped liners. 



CCftfP ARISON IVITH EXESRBffiCT 

Ibe preceding theoretical predictions are in rough agreement 
with observation, but with Important exceptions. According to flash 

UNCLASSIFIED 




^ m 






¥ 




I 




I 



1 hvN'ri 

- 2,1 - 

radiographs, the collapse angle 2<S is greater than the original cone 
angle and is approximately constant throuj^out the collapso process, 
which isj[,coniplete agreement with the theory. Further, these sane 
radiographs, as well as sene rotating drum camera measurements, show 
that the speeds of the front of the Jet and of the slug are close to 
those predicted by Eqs, (2) and (3), respectively, but, contrary to 
prediction, the speed of the back, or last formed part of the jet, is 
considerably slower than that of the front. Also, contrary to pre- 
dictions, an ”afterjet" continues to ho emitted after the walls have 
completely collapsed. 

Since the collapse angle 2<3 has been approximately determined 
by flash radiography, Eqs. (4) can be checked experimentally if either 
the slug or the Jet can be recovered after the explosion. 'Vhile both 
can be recovered, it is fortunate that recovery of the slug is the 
easiest, since it can be made to yield more detailed information,,. 

lyhile charges bearing wedge-shaped liners do not give slugs that 
survive the detonation process and subsequent battering, charges bear- 
ing cone-shaped linings with apex angles of 60® or less do. These slugs 
have been recovered virtually undamaged by firing the charge into saw- 
dust or water. They have been found to contain a smaller fraction of 
the original mass of the cone liner than Tlqs. (4) predict. This is not 
surprising, since even qualitative Inspection of the slug shows that 
the ideal collapse process, postulated in obtaining Eqs, (4), has not 
continued all the way to the base. If, however, before loading and fir- 
ing the charge, the cone is sectioned by a series of cuts in planes 
parallel to the base, normal Jet formation and performance is obtained. 
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Each section of the cone foms a corresponding portion of the slug. 

Ihese portions, rftiich were recovered as separate pieces, could be fit- 
ted together to form a normal appearing slug. By weighing each sec- 
tion before and after firing, the contribution of each part of the cone 
to the jet, and to the slug, was determined. It was found that for the 
upper part of the cone, the contributions to Jot and slug agree with the 
values calculated from Kqs. (4) within the erperlmental uncertainty in 
the radiographic dotemlnation of the angle <3 , The i)ercentage loss in 
weight increased, however, for the lower portions of the cone. This 
greater weight loss may be due in x>art to imperfect cone collapse near 
the base and the breaking off of some metal. Some of the Increased loss 
however, is certainly due to the formation of an additional length of 
jet from the slug after collapse is complete. This late formation of 
jet from the slug is clearly shown in the flash radiographs, and its 
existence is also indicated by the weight-loss relations. There his 
been considerable discussion as to vdiy jet formation should continue for 
some time after collapse is completo. 

It nay be that a pressure wave in the exploded gases converges 
on the slug and squirts out the after jet like toothj)a8te out of a tube. 
Metallurgical examinations on recovered slugs show that the material 
near the axes of these slugs has boen heated almost to its melting 
point. (8) The pressvjre wave which nay converge on a newly formed slug 
is undoubtedly the same as the pressure wave which is primarily respon- 
sible for the penetrations produced by these sane charges without liners 
Iiiinedlately after an unlined hollow charge has been detonated, Ihe ex- 
ploded gases stream into the cavity and converge onto the axis where 
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they are foimed into a high speed jot. The effect produced by such 
a charge is the Tt.!unroe effect" previously mentioned. 

For ouch a mechanism to account for the observed velocity of 
the afterjet, it would be necessary for the secondary pressure wave, 
converging on the slug, to produce much higher pressures than one 
shoxild expect from a charge like that shown in Fig. 7, Some other ex- 
planation is therefore needed. 

Another possible explanation of the afterjet is that it may be 
pulled out by the primary Jet which is continuous in the neighborhood 
of the slug throughout the process of its formation. This process of 
ductile drawing may be compared with the formation of fibers from 
nu>lten glass or quartz. Experiments carried out by Bridgman have shown 
that many metals become enomously more ductile when subjected to in- 
tense pressure, and it appears conceivable that this great ductility 
might persist for at least a few microseconds after the pressure is 
released. If this letter mechanism is correct, it also would account 
in part for the velocity gradient foomd to exist in the jet, since 
acceleration of material from the slug would result in deceleration of 
parts of the jet already Ibrmed, While this latter me chani an seems most 
probable at present, it is possible that both mechanisms play some part. 

Itore modern theories tend to give a better explanation of the 
"afterjet" effect. These theories, however, are still of a confidential 
nature and will not be Included in this work. 
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1. The mathematical theory presented predicts jet and slug 
velocities for both wedge-shaped and conical charges as in (2)-(3) 
and (2»)-(3*) respectively. 

2. The mathematical theory also predicts jet and slug masses 
as in (4) for both wedge-shaped and conical liners. 

3. The jet velocity Increases as the cone angle decreases and 
approaches a maximum as the cone angle approaches zero. However, as 
the cone angle tends toward zero, the mass of the jet and the momen- 
tum of the jet both tend toward zero. 

4. The jet velocity cannot exceed twice the detonation velo- 
city. 

5. Ko mathematical theory has as yet been worked out for the 
case of hemispherical liners. Experiments show that these liners are 
turned inside out during the detonation process; hence the hydro- 
d 3 mamic theory does not appear to apply. 
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CIIA.-TER III 
■niPlORY or HgN'»'TRATIOIT 

The process of penetration of a target naterlal by a shaped 
charge Jet Is mich llko that of a high speed Jot of mter frcn a fire 
hose nozzle penetrating a bank of aoft mud. Target material Is 
splashed out at high ▼olocltles radially from the point of Impact* 

The diameter of tt» hole produced Is considerably greater lhanj and le 
not directly related to, the diameter of the Jot, but le more dosoly 
related to tho energy dellrored by the Jet per unit depth of penetration* 




Fig. ,14. (;f a bolld .steel (b linder (3.25 in. In 

diameter, 7 in. in length) which has lieen shot and then 
Siiwcd in half to show the nature of the hole produced. A 
cross-sect ioned replica of the charge that produced this 
hole is shown in the position that the real charj^e occupied 
l)cfore it was dctf)naled. 'I'he real charge contained 0.25 
jl). of l*ciitolite. d'he cavity liner was a steel cone (0.025 
in. thick, 1.63-in. base diameter). (2) 



Fig. 15 • Photograph of a solid lead cylinder (4 in. in 
diameter, 9.5 in. in length) which lias l)ecri treated the 
same as the steel cylinder in 3. The steel sluj? from the 
liner can be s('en embedded in the load about 5 in, from 
the bottom of the < vlinder. 

( 2 ) 
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Tho dlamotor of tl» Jet Itself la usually very snail and con- 
siderably mailer than the hole formedo This has been dotemlned 



photographically. Experlrjsnto have aleo been conducted in ?shich the Jet 
mis made to pass through a 6-nrio hole in a screen wlttout injuring it 
although the hole which the Jot punched in a steel plate lying behind 
it had a diameter of (15) 



As shown in ^’igs. 14-16, tho hole 
dimeters are mailer in hard noterlalo 
than in soft, since more work must be 
done to open the hole in the harder mater- 
ials. In soft materials, like lead, large 
diameter holes are produced because the 
radial monentxra of the target material 
spreads it outward until it can be stop- 
ped by elastic or viscous forces. 

On tho other hand, with moot 
charges, the rate of penetration ond the 
depth of x^netration into most target 
materials are nearly independent of 
the strength of tho target material. 

This arises from tho fact that became 
of the high velocities of shaped 
charge Jets, tho pressures prod’iced at 
the point of Impact are far above tho 
yield point of moot natorials. To a 
first approx imat ion, tho otrongtho and 




Fig. 16, Photograph of a stack 
of alternate steel and load 
plates after attack by a conical, 
lined charge, Ml plates were 
originally the sarno siae, ths top 
plato being of steel. Thle pro- 
vides a striking denonstratl on 
that radial plastic flow produced 
by tho Jot is arrosted more quick- 
ly by high yield strength materials 
(steel) than by low yield strength 
materials (load), (2) 



viscosities of target materials can 
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be neglected, and the problem can be treated by hydrodynamics, 

PEKETRATION WITH CONSTANT JETS 

The thooi*y presented in this section was discovered independent- 
ly by R, Hill, N, F, Mott, and D. 0. Pack in England; earlier similar 
semiquantitative ideas had been advanced by Kistiakowsky, Messerly, 
and Pugh, It is taken almost in its entirety from the Journal of Applied 
Physics of June 1948, (2) 

In order to simplify the mathematical treatenent by the elimina- 
tion of several variables, the theory of penetration is first shown for 
the case of a constant jet, A constant Jet is merely an idealized jet, 
as shown in Fig, 17a; it is assinned to have a constant lenglJi, JL, velo- 
city, V, and density, , and to be penetrating a semi-infinite target 
of density, , with a velocity, U, as shown in Fig, 17b, A constant 
jet is assumed to be completely formed and in possession of the above- 
mentioned physical properties before it arrives at the target. 



Jet Density 



I 



Velocity V 



Fig, 17a, Idealized jet of length I, velocity V, density 
and cross-sectional area A, 



V 




Penetration Velocity 

>- 

U 



Target Density 




Fig. 17b, Idealized jet penetrating target material of den- 
sity , with a velocity D, Inaaauch as it is a continuous 
jet, it spreads out as it reaches the target. 
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Fig, 17c, The steady state in (b) transferred to a coordin- 
ate syatean raoving at the penetration velocity U, In this 
moving system the hole contour is fixed, (2) 



Consider the ease in which IT has reached a constant value. The 
phencasenon is simplest when viewed in a systaa of coordinates moving 
with a velocity U, as shown in Fig, 17c, In this system, the hole pro- 
file is fixed, and the Jet moves to the right at a velocity V-U, while 
the target moves to the left at a velocity U, If the pressure produced 
by the Jet is large ccanpared to the strengths of both the target and the 
Jet material, they can be treated like perfect fluids. The pressure on 
the two aides of the surface of contact between the Jet and the target 
must be the same. Hence, by Bernoulli’s theorem, which is valid since 
the phenomenon is stationary in the coordinates we have chosen, 

1/2 (V-U)2 « 1/2 U2 (5) 

The velocity U has been measured for a number of charges and tar- 
get materials. Using lined, conical charges, the velocity U in steel 
targets has been observed to be as high as 2,7 x 10^ cm/sec. In these 
eases, the pressure produced by the jet is 1/2 • 0«5 x 7,8(2, 7 x 10®)® 

■ 2,8 X loll dynes/cm® or 0,28-raillion atmospheres. Since this trensendous 
pressure is far above the yield strength of any steel, the treating of 
steel as a perfect fluid is justifiable. 

The mechanism of penetration is illustrated in Fig, 17, which shows 
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the jet being used up by impinging on the target. If it is assumed that 
the steady state is reached almost instantaneously and that the penetra- 
tion stops as soon as the last Jet particle has struck the target, then 
the total penetration P is equal to 

P - TJtf - UJ/(V-U) - 1 ( (6) 

from Eq. (5), where 1 is the original length of the Jet and tf is the 
time of penetration. 

This is a sirrprlslng result. It indicates that the depth of pene- 
tration into a massive target depends only on the length and density of 
the Jet and the density of the target, but not upon the Jet velocity. 

The lack of dependence on Jet velocity is at first most surprising. 
However, one need only notice that although from Eq, (5) the velocity of 
penetration TJ is proportional to the Jet velocity V, the rate at which 
the Jet is used up is also proportional to V. Thus, a faster Jet is used 
up in a shorter time, and the total penetration remains the same. Of 
course, this independence of the depth of penetration on the Jet velocity 
can hold only for velocities great enough to produce pressures far above 
the yield strength of the target materials. 

It is probable that after the last Jet particle strikes a rela- 
tively soft target material it will have sufficient residual momentum 
to open up the hole still deeper. This effect has been called **secondary 
penetration** to distinguish it from that given by Eq, (6). It helps 
explain why deeper holes are produced in massive lead targets than in 
massive steel targets even though the lead targets have higher densities. 

In Jets from conical liners, a small amount of Jet material at 
the rear of each Jet travels slow enough to produce stresses lower than 
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the yield strength in armor, though higher than the yield strength in 
mild steel. Thus the penetration process may continue longer in mild 
steel than in armor. This phenomenon, together with the phenomenon of 
secondary penetration, accounts for the fact that the total penetration 
into steel armor is a little less than the total penetration into mild 
steel, and that the penetration into lead is greater than the total 
penetration into either of the steels. 

Equation (6) indicates that the depth of penetration by a given 
charge should be inversely proportional to the square root of the den- 
sity of that target. This is roughly tinje In many cases, though there 
are a numhcr of exceptions, as evidenced in the previotis paragraph, in- 
dicating that this simple model needs to be modified. 

Though this theory correctly predicts a nxmber of experimental 
phenomena, there are many experiments that show the inadeqtiacy of this 
simple jet model. The average penetration into a given target at first 
increases and then decreases as the distance (standoff) between the charge 
and the target is Increased, This phenomenon la illustrated in Fig, 18 
by shots into a massive mild-steel target with a lined, conical charge, 

A number of tests have been conducted in which the massive mild- 
steel target was part of a ballistic pendulum so that the momentum of 
the Jet could be measured simultaneously with the penetration it produced. 
These experiments showed that while the average penetration varied greatly 
with standoff, the average momentvon was almost constant and Independent 
of standoff. 

This result agrees well with present theory, which indicates that 
the penetration should be independent of the velocity of the Jet, Further 
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conf ir.TOtion of tills point Is found In Fig» 19, whore the individual 
Monenturs of Jeto at a given standoff are plotted against the penetra- 
tion they produced at this sazno standoff. The variations in rioricntuns 
era sraaller than those in penetrations, but the two variotiorjs show ab- 
solutely no correlationo Jets having the largest noaienturao did not 
produce the deepeat penotratloriS* 

If the material in the jet is broken up into very fine porticlea 
which are sufficiently aoporatod so that they do not interfere with each 




^igo 16, Curves of average penetration into mild 
steal as a function of standoff, § indicates average 
penetration with the overage deviation of the mean, 

X indicataa the nwxiniura and the nininin ponetratiens, (2) 

othar, the pressure produced by tho jet ill be greater than that indicated 
by Bernoulli's theorem in Eq, (5), This follows from the fact that a par- 
ticle jet does not spread out over so large on area as a continuous one. 

The continuoua Jet ia capable of supporting internal preaswe, whereas 
tho particle jot is not, Ihie ability to support internal pi^coure pro- 
duces a gradient in prcaaure along the oxie of tho jot with tho highest 
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pressure at the point of Impact with the tarf^ot and reduclnr, down to 
aero In the unaffected port of the jeto The <fj?adlent In the prcrciurc 
causes a C 3 ^adient of the opposite sign In the velocities within the Jet 
from U at the point of Impact with the terfiet to V in the unaffectod 
part* Since with a Jet under steady-state conditions, tho product velo- 
city times croas-eoctlonal area must be the same at all points, the 
gradient li^thc velocity causes the crose-sectional area of the Jot to 




Fig, 19, Ballistic i>endulum deflections versus 
penetrations Into nlld steel for standard charges at 
12-ln, standoff. The circles represent data obtain- 
ed from ono batch of charges, while the crosses ro— 
present data obtained troa. another batch. Those 
charges were made to be identical, end no variations 
were observed before detonation. The second batch 
of charges gave nocrly the cane average penctrstiona 
as tho first, even though their average Jot nonentums 
were lower, (2) 




increase es It approaches the target 
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With a particle Jet of the kind assumed, the particles retain 
their velocity end area until they make inelastic impacts with the tar- 
get surface and no such spreading takes place. The pressure produced 
by a particle jet can be calculated approaclmately by dividing the total 
force required to effect the change in momentum of the jet by the total 
area A the jot strikes. The total force is given by the rate of change 
of momentum (°jA (V-U)2, and so the average pressure on the surface is 
If this pressure is set equal to the pressure in the target 
material at the point of impact, as given by Bernoulli’s equation (l’)» 
we get 

(V-U)2 - 1/2^’u2 (7) 

This eqiiation differs from (5) only by the factor 1/2 on the left side 
of the equation. The two Eqs. (5) and (7) can be combined into one 

A (V-U)2 « u2 (8) 

where X la a constant that equals one for continuous jets, and two for 
dispersed particle jets. If a jet is intermediate between these two 
types, A may take values between one and two. 

From Eq. (8), the penetration produced by either type of jet can 
be calculated 

P - (9) 

This eqtjiation should hold only for idealized jets whose propcarties remain 
constant throughout the penetration process. Real jets show a more com- 
plex behavior which will now be discussed, 

PliUETRaTION WITH V^iHIABLE JETS 

Jets from conical liners are not constant idealized jets, but 
change In length, velocity, and density as they travel. For these real 
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jets, Eq. (9) nuat be modified. As mentioned earlier, the Jet velocity 
decreases continually from the front to the rear; hence the Jet becomes 
longer and longer. The increasing length produces other changes in Jet 
characteristics that must be considered. Furthermore, real Jets do not 
have the same properties throughout their length at any given time, and 
they are usually not completely formed at the tine they start penetrat- 
ing a teirget. This last raises the question as to whether or not the 
target may react upon the Jet to change its characteristics while it la 
being formed. 

Such a reaction of the target upon the formation of the Jet can- 
not take place if the velocity of sovind in the Jet material is low 
enough so that any pressure pulse produced by the target cannot travel 
back to the neighborhood of the stagnation point (Fig. 11) in the Jet 
being formed. This condition is generally realized even at low stand- 
offs, since the velocities in the front part of the Jet are hlf^er, and 
those at the rear are not much lower than the velocity of soimd in the 
Jet material. With conical charges such as shown in Fig. 14, the condi- 
tions are such that no effect upon the fomation of the Jets can be ex- 
pected from steel targets that are no closer to the charge than 1/2 inch. 
This is fortunate, for it makes it possible to divorce the process of 
penetration by Jets from the process of formation of the Jets, 

To calculate the penetration of a Jot into a target, one needs to 
know its physical characteristics at all points in the Jot and at every 
Instant of time. The true conditions are undoubtedly very complex, 
fibwevor, in calculating the penetration attributable to a Jet, we need 
only concern ourselves with the average density, and state of dis- 

persion, characterized by A , of that part of the Jet that is about to 

UNCLASSIFIED 



UNCLASSIFIED 



- 4S 



strike the target at the given instant of time. The average density, 
is defined as the mass in a sciall section of the jot divided by 
the over-all volune of that section. It will be considered equal to 
the density of the liner naterial in continuous jets and lower than 
that in particle jets. The factor A will bo considered as a function 
of although it may also vary somewhat with the size of the parti- 

cles into which the jot is broken. let ua assume that the ^ j and A , 
of that part of the jet from a given charge that is striking the target 
at the given instant, are independent of time and detend only upon the 
distance from the base of the original cone to the point where the jet 
is striking the target. 

TThile this assumption is made becatise it greatly simplifies the 
calculations, it is probably close to the truth as any other simple as- 
sumption that could be made. If we neglect the relatively small com- 
pressibility of the metal in the liner, all parts of the jet fraa a given 
charge must leave the stagnation point (Pig. 11) with the same density. 

If the jet breaks into particles because it has a large ^locity gradi- 
ent, it is probable that the front breaks up first and the rear later, 
and thus the breaking may take place at approximately the same position 
in space for all parts of the jet. The subsequent reduction in density 
of the jet ijrodueod Bjjreadlng of the particles due to the velocity 
gradient and other causes is probably dependent more upon the dbtancs 
that particular section of the jet has traveled from its point of forma- 
tion than upon its position in the jet or upon the tine since the pro- 
cess started. 

It should be noticed that, while the theory of formation of jets 
from conical liners of uniform thickness indicates that the rear of each 
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Jet should hare more mass par unit length than the front, there la no 
reason to sxtpposc that the densities at these points will bo different. 

The jet cross section is probably larger at the rear than at the front, 
but this shoiild not affect the depth of penetration, though it should 
affect the diameter of the hole produced. 

With this assiEiption, since A depends upon the cmd the 

X of that part of the jet frcrni a given charge that is striking the tar- 
get depend upon the distance x from the cone base but not unon the tine t. 
The penetration is given by 

p - J TJdt, 

where the integral is evaluated over the time of penetration, row 
dl • (V-U)dt, where di is the small element of the jet that will strike 
the target and thus be removed from the jet in the next instant of 
time dt. Hence, neglecting transient effects, 

? » /udi/(V-U) (10) 

integrated over the total length of the jet as it strikes the target, 
/Lsoumlng that Eq, (8) holds approximately for variable jets, Eq, (10) may 
be written 





( 11 ) 




( 12 ) 



if ths target is of constant density. The Integral in Eq. (12) depends 
primarily on the jet characteristics, so that penetrations of similar 
charges into different targets should be inversely proportional to the 
square root of the density of the target just the same as for constant 
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Jeta. However, Eq. (12) predlcte that the penetration Into a given tar- 
get by a given variable jet will depend upon the distance between the 
charge and the target, viiereas the penetration with constant Jets would 
be independent of this distance. 

Let the standoff s be the distance between the original cone base 
and the surface of the target. Since the jet lengthens as it travels, 
the integral in Eq. (12) for a given jet depends upon s. An exact cal- 
Ciilation of this dependence is difficult and is hardly justified, con- 
sidering the uncertainty in the original assumption*. However, an ex- 
cellent idea of this dependence can be obtained by the use of some ap- 
proximations, 

Eq, (12) may be written as 

P - 7/(r)^ / 

where J is a kind of average value of the quantity ( A <*j)^ during the 
process of penetration. Its value lies somewhere between the values of 
( A at the beginning and at the end of the penetration. According 

to our assumption that A and for a given charge depend on distance 

but not on time, 7 depends primarily on s. The quantity 7 and the in- 
tegMl J ^oth depend very slightly upon the density of the target, 
since a different penetration in a different density target will change 
the average obtained for ( /^ ^)^ as well as the value of f djl, For 
both, the dependence upon f is so slight it will be neglected. The in- 
tegral J dX for a given charge also depends primarily on s. If the jet 
wojre of constant length, / would give this length, since it represents 
an integration of all the elementary lengths of jet as they strike the tar- 
get. With a variable length jet, Jdi, represents an effective length, 
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for it is the sun of all of those elementary lengths of the Jet that at 
each Instant are causing the penetration. This effective length /dl. 

X depends primarily upon s. Equation (12) becones 

P - (13) 

From Eq. (13) the approximate dependence of P on s can be calcul- 
ated, There are three cases to consider, all of which may occur at dif- 
ferent stages in the same Jet. 

Case 1, - The Jet is **drawn ouf* like a ductile metal and becomes 
narrower. The Jet density la unchanged, and, since A is a constant 
equal to one for a continuous Jet, P increases in direct proportion to X. 
The process of ductile drawing of the Jet due to the velocity gradient in 
it was first suggested because the Increase in penetration proportional 

X 

to (X)^ for particle Jets of Case 3 did not appear to be rapid enough to 
account for the experimental observations. 

Case 2. - The Jet is in the process of changing from the first 
(continuous) to the second (particle) type of Jet. It has broken up into 
particles, but the particles are still so close together that on impact 
with the target, the Jet acts almost as though it were continuous. The 
value of X is inteiroedlate between 1 and 2, but approaches 2 in an tm- 

known manner as the Jet lengthens. Thus X increases and decreases 

^ 1 

with standoff. ?/hether J, the average of ( X <j)*" , increases, decreases, 
or stays constant depends upon whether X incireases faster than, slower 
than, or at the same rate as decreases. Some experiments suggest that 
T first increases slightly, and then decreases with increasing standoff. 
Probably the penetration produced is much the same as that of Case 1, 
where T is constant and the penetration is proijortional to 1. 
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Case 3. - The Jet consists of finely flivlded i>articlea with un- 
ehqnglng cross-section. Tho factor A is a constant equal to 2, Since 
the decrease in ^ is caused by the lengthening of the Jet due to its 
velocity gradient, the average value of should be inrersely pro- 
portional to Xt ^ should be inversely proportional to (3T)*”* Thus 

X 

from Eq. (13), P should be proportional to (J)**. The penetration in- 
creases with standoff, though at a slower rate than with Jets of Cases 
1 and 2. 

The nature of Jets from conical liners depends upon tho physical 
properties of the cone materials under the conditions of temperature 
and pressure found in the Jets. Probably all metallic Jets pass through 
each of the throe stages, starting out as continuous but sooner cr later 
breaking up into particles. The metals that are less ductile under these 
conditions break up into particles sooner than those that are mere ductile 
Thus, charges with more ductile linings, like aluminum and copper, produce 
larger penetrations os tho standoff increases than do those with less 
ductile linings. In each case, the penetrating ability increases with 
tho standoff of tho charge fran the target, rapidly at first dirlng the 
ductile drawing and more slowly after the Jet has broken up into particles 

It might seem that the penetrating power of these Jets should in- 
crease Indefinitely, but there are a number of reasons why this does not 
happen, the more important of which are given below: 

1. In practice, the Jots are never perfectly aligned, so they 
tend to spread and their effective density is reduced, thus reducing 
their penetrating ability, 

2. The reduction in Jet density caimed by both lengthening and 
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spreading eventually reduces the pressures produced In tho targets until 
their strengths can no longer be neglected, and the simple theory breaks 
doivn* 

3. At great distances, the particles spread so far apart that 
the air resistance on the individual particles beccaaes an important 
factor. Close to the charge (within 10 or 15 times the diameter of the 
base of the cone) air can be treated approximately like any other target 
having the seme density. The front of the Jet creates a very intense 
shock wave with an evacuated space behind it which reduces the air re- 
sistance on the rest of the particles in the jet to a negligible quantity. 

All of the above tend to reduce the penetration as the standoff 
increases. 



EFFECT OF ST/CTOFF ON PENETRATION 

An approximate expression for the penetration as a function of the 
standoff 8 can be obtained for variable jets fron Eq. (13). However, it 
is necessary to neglect any changes in velocity because of forces acting 
upon each jet particle froci the time tho jet is foiried to the time when 
the particle strikes the target. This approximation is not serious be- 
cause the forces acting upon the jet particles in this period are rela- 
tively small. The internal farces acting during tho ductile drawing 
process change the velocities somewhat but not enough to seriously affect 
the rate at which the length of the jet changes, which is tho quantity 
that no\» concerns us. 

The effective length, X, of the jet increases linearly with stand- 
off, s, because of the gradient of velocity which is known to be approxl- 
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mately constant along the Jet, The ratio of the effective length at 
standoff a to that at a ■ 0 Is then roiighly 

1 ♦ oC s, 

where oc Is a constant depending upon the velocity gradient. 

For particle jets, the effective density /j of the Jet depends 
upon Its effective length, X» and Its effective cross-sectional area. 

The effective cross-sectional area Increases with standoff because of 
spreading. If there are no appreciable forces upon the Jet particles, 
they will travel In straight lines, and the radial sporeadlng will be 
linear with s. If the radial spreading is symmetrical about the axis, 
the ratio of the effective Jet radius at standoff s to that at s ■ 0 
Is roughly 

1 ♦ /<3 8 

where <3 Is a constant that determines the rate at spreading. The ratio 
of the effective cross-sectional area at standoff s to that at s ■> 0 is 

(1 ♦ (3s)2 

if the Spreading is synmotrical. If the spreading Is sonewhat non- 
synmetrlcal , this relation holds less exactly. 

Although the actual Jet density is constant in the continuous Jet 
of Case 1, the effective Jet density nay decrease with standoff becauee 
of waver caused by faulty alignment. For lack of better infomatlon, 
it may be assumed that the continuous Jets waver through the sane solid 
angle as the particle Jets spread. The ratio of effective Jet density 
due to spreading or wavering at standoff s to that at s ■ 0 is rotighly 

1/(1 ♦ /3 s)2. 

Ihe penetration of these Jets can then be obtained approximately 
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from F,q. (13). For Cases 1 and 2 

I> - pQ (1 ♦ ots)/(l * fSs) (14) 

where is the penetration at s « 0. 

For particle jets of Case 3, for which A » 2, the penetration 
is approximately 

P - P* rid ♦ <b)^ /(I ♦ /3 3)_7. (15) 

where is the value for P frcoi Eq. (14) at the value of s ■ S||^ where 
the jet breaks into particles. Generally each jet passes through tho 
stages described by Case 1, Case 2, and Case 3 in that succession. 

Curves of penetration versus standoff can be fitted very well 
with Eqs. (14) and (15), using values of oC, |3 , and Sj^ that other 
experiments hare shown to be reasonable. However, they generally can- 
not be fitted with Bq. (15) alone. At low standoff the exoerimental 
penetration rises so rapidly with standoff that some ductile drawing 
needs to be postulated to account for the facts. 

F.XPERILEHTAL VERIFICATION 

Equation (8) Indicates that the velocity of penetration U should 
depend upon the density of the target material but should be Inde- 
pendent of all other properties of the target. Since Eq. (8) was de- 
rived for steady-state conditions like those shown in Fig. 17c, it can- 
not be strictly true for variable jets. However, it should hold approxi- 
mately for average values of V and U if the velocity measurements are 
made over a distance so short that the Jet properties vary only slightly 
during the process. To compare results with different targets, it will 
be necessary to have all of the targets at the saire distance fran the 
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standard charge so that the average density of the penetrating Jet is, 
as nearly as i>osslble, the sane in each target. 

A number of different target materials, in plates of J?-ln. 
thickness, have been tested at 6-5.n. standoff from standard charges 
with conical steel liners (base diameter 1.63 in., apex angle 46®, 
wall thickness 0.056 in.). A high speed rotating drum oaraera was used 
to record the speed of the Jet Just before eoid Just after it perforated 
the target plates (Vb and V^, respectively) and the time required for 
that perforation. Striking examples of the excellent work being con- 
ducted along these lines are shown in Figs. 21 and 22. These micro- 
second photographs were taken at Carne gle Institute of Technology where 
comprehensive research on Jet action is being done for Army Ordnance 
under the direction of Dr, Emerson Pugh, The average velocity V is 
obtained from the perforation time, and the average Jet velocity in the 
target is given by (V^ ♦ Va)/2. Eq. (8) can now be written 

- {r/ - ((^)^/j, 

or 

- 2 - - Izj 4 1 , ( 16 ) 

u 

where J ■ ( A <j) depends only on the Jet density for a given liner material. 
From Eq. (16) a straight line should be expected if the ratio of 
average velocities (V^ 4 Va)/2U is plotted as a function of (<®’)^ , whore 
(° is the target density. Figure 20 shows such a plot. 

From the slope of the line in Fig. 20, the average value of 
A (reciprocal of the square of the slope) of these Jets, when they 



are between 6 and 8 in, from the cone base, can be obtained. The average, 
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isfixinuriy en<^ wltiteua valUGC of ^ (*j fron ^igo 20 flr©j j?esp€'c1;ivoJ.y, 
3»0j 0,0, and 1,4 g/cco If A Is naar S In arch cano, tha Jat den— 
Pities «ro, respectively, 1,P, 4,f>, end 0.7 g./ec,, vMch shoTi3.d he 
copipnrcd with 7,0 r/cc, the density of steel. The ml\» 4,5 g/cc 
tcT the bent jet Is so near the denrlty of nteel thnt this jot nrobobly 
acted scraerhot like a continuous Jot with a \ loss than 2„ In which 
case, the actunl density ran roue than 4,5 p,/ec» 




Fig, 20, The ratio for standerd chsrpos of 
the averago jat velocity to the average penotrn- 
tion velocity in natorial of different donnltlea, 
'rhe ci'Oacas indicate the overages for each iratcr- 
lal. (2) 
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fig, Slo Jot merging thpotigh a eectlon of oinor plate 
nakee neat bnlgo and. glows brilliantly because of air fric- 
tion couood by its trmandoua opeod, which Is about 10 tlnoe 
that of a rifle biillet® (50) 




Fig. 22« In photo taken at a nllllonth of a oecond, a 
sbnjxid charge hits o aectlon of half-inch amor plate from the 
loft ond Bonds a stool Jet (thin horizontal lino) through to 
the right, (50) 
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SraMAHY 



1. With constant jeta, the depth of penetration Into a massive 
target depends only on the length and density of the Jet, and on the 
density of the target, but not upon the jet velocity. However, this 
independence on the jot velocity holds only for velocities great enough 
to produce pressures far above the yield strength of the target material. 

2. With constant jets, the depth of penetration by a given charge 
is theoretically inversely proportional to the square root of the density 
of the target material. This Is roxighly true In most eases. However, 

it should be realized that the penetration process will continue longer 
in materials of low yield strength than in those of high yield strength, 
as the slower, trailing portion of the jet may be able to produce stresses 
greater than those of lower yield strength materials; whereas it might be 
stopped by higher yield strength materials. 

3. The average penetration into a given target at first increases 
and then decreases as the standoff is increased from zero standoff. 

4. The nature of jets from conical liners depends upon the physi- 
cal properties of the liner material. It is believed that all metallic 
jeta probably start out as continuous, but sooner or later break up into 
particles. 

5. Brittle materials perform more i>oorly than ductile materials. 

If optimum performance is to be obtained with a brittle material, it 
should be fired at a shorter staidoff than woxild be required for a more 
dTictlle material of equal density. 
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CHAPTER IV 

FACTORS AFFECTING FEMTRATIOH 

Some degree of the Munroe effect may be obtained with any kind 
of hl^ explosive by cutting a cavity of almost any size or shape In 
the side of the charge that Is to face the object to be attacked. As 
has been mentioned before, demolition engineers sometimes cut a small 
•♦chujik* out of a block of dynamite before placing It against an object 
to be severed. Miners have even been known to arrange sticks of 
dynonlte In the shape of a teepee to blow a hole In the ground, thinroe 
himself constructed the first practical shaped charge by tsrlng sticks 
of dynamite around and on top of a tin can, thus creating a cylindrical 
cavity In the middle of the charge. 

However, to attain the full benefit of the M\inroe effect, certain 
factors must be taken into consideration In the design of the charge 
and in Its fabrication. 

As Is frequently the case with new discoveries, widespread ap- 
plication of shaped charges preceded a complete understanding of the 
theory. World War II saw a race between United Nations and Axis experts 
to learn more about tbs best ways to determine optimum values for s\»h 
variables as standoff, wall thickness, strength of explosive, cone angle, 
etc. This entailed a great deal of experimentation. However, by dint 
of much research, there evolved a wide variety of shaped charges which 
could be counted on to produce definite results, and these saw consider- 
able service during World War II. 

Since a shaped charge is primarily a i>enetratlon device, the 
depth of penetration Is generally used as the criterion of its efficiency. 
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This is expressed as the maximum thickness of the target just perforated 
by the jet (generally in steel, or concrete), or the depth the jet will 
penetrate into a target too thick to be perforated. The latter method 
appears to be more widely used. 

The design of a shaped charge is complicated by the intricate 
Interdependence of sereral obrious factors in addition to certain less 
obTious ones. In most applications, the design for maximum jet effi- 
ciency must be a ccoipromise of these several factors which will now be 
discussed. 
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Standoff is the term used to define the distance in air between 
the base of the shaped charge and the target. This space is necessary 
to allow a more or less complete formation of the jet before it strikes 
the target, and any hindering material (such as water, oil, sand, etc.) 
will markedly reduce penetration. In shaped charges with conical liners, 
standoff for optimum performance increases with increasing apex angle. 

The optimum standoff for similar liners of different materlalo may vary 
over a considerable range. Optimum valves of standoff generally range 
between 1 to 3 times the diameter of the liner base of a conical charge. 
The average standoff employed in four U. S. statically fired charges is 
1.40 times the diameter of the base. The average standoff employed in 
six IT. S. pro ject lie- type charges is 2.33 times tbs base diameter. This 
figure was obtained from drawings, and does not indicate what the ef- 
fective standoff ie at the time of detonation. 

Standoffs for military shaped charge weapons which are fired at 
their target are expressed as the length of the hollow space below the 
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liner base in front of the shaped charge shell, grenade, rocket, etc. 

The resultant standoff is less than that sho?m In a drawing because of 
the partial cinxshing of the hollow nose before the fuse functions. 

This effect must be token into consideration in the design of the weapon. 

The average depth of penetration into a given target at first in- 
creases and then decreases as the standoff is increased. This phenomenon is 
illustrated by Fig. 18 of Chapter III. 

SBft33TRY 

Symmetry of the charge about a central axis (or central plans in 
the case of linear charges) is of utmost importance. This should include 
geometrical and metallurgical uniformity of the liner, physical and chemi- 
cal uniformity of the explosive, and symetry of detonation, 

A burr, crack or slight uneveimess in the cone or its lining may 
result in more resistance to the explosive farce on one side of the cone 
than on the other and hence may cotHe the jet to wobble and lose part 
of its effectiveness. 

Liners must be free from internal defects as well as being geo- 
metrically synmetrlcal. However, annealing is no longer considered 
worthwhile for obtaining good performance, 

GECTffiTtnr. MATERIAL AIID THICKKI'^.SS OF LINH'R 

Many different geometrical shapes of liners have been tried, e.g., 
cones, hemispheres, paraboloids, pear shai)e8, trximpet shapes, etc., how- 
ever, none has appeared to provide remarkable advantages over any of the 
others. Conical liners appear to give the deepest penetrations and are 
encoTintered moat frequently. Hemispherical liners are used when large 
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hole dlaraeters are desired. Symnetry of shape rather than type of 
shape is the Important factor. 

Vsny different types of liner materials have been tried. The 
following have been used to varying extents in shaped charges: copper, 
mild steel, cast iron, aluminum, aluminum alloys, zinc, brass, tin, 
lead, and glass. For deep penetration of solid targets, copper liners 
give maxlmim performance, with liners of mild steel and high copper alloys 
giving good results. Glass and aluminum liners produce large hole di- 
ameters but shallower penetrations. Application, cost, and ease of 
manufacture are important considerations in liner choice. Glass liners 
are preferred in charges employed for drilling shot holes for they form 
easily pulverized slugs which can be raked from jet holes leaving them 
cool and safe for the insertion of secondary explosives. 

Kost work in this country has been done with conical liners of 
unlfoimi wall thickness and having apex angles of 30® to 60®. Tests 
have been conducted by Clark (7) to detemine the Importance of wall 
thickness and tapered walla, Tapered-wall cones of increasing thickness 
from apex to base were found to give somewhat higher values of penetra- 
tion t^n xmlforra wall cones. However, the concensus of opinion today 
is that the slight increase in penetration obtained by tapered cones is 
not of sufficient value to Justify their use, in view of their higher 
cost and difficulty of manufacture. 

In cones of uniform wall thickness, tests show that penetration 
varies considerably with variation in wall thickness. The thinner the 
wall, the greater the jet velocity, For cones of the same apex angle, 
the optimvm wall thickness is proportional to the base diameter. Optimum 
wall thickness also increases as the apex angle is ixureased. Hence it is 
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seen that optimum wall thickness for conical liners is dependent upon 
apex angle as well as the base diameter of the clsrge. 



TYHj: OF EXHDSIVE 



While it was shown earlier that surprisingly enovigh, the deplh 
of penetration is not dependent upon the Jet velocity, It must also be 
remembered that this independence holds only as long as the Jet velo- 
city la great enough to produce pressures far above the yield strength 
of the target material. Since the Jet velocity is directly proportional 
to the velocity of detonation, it follows that only those explosives 
whidh possess a sufficiently high rate of detonation, with the exception 
of aluminized explosives, are applicable for xise in shaped charges. 

Testa were condxicted by R, B, Clark (7) in the suniner of 1946 
with three kinds of explosives to determine the approximate relationship 
between velocity of detonation (which he assumed to be roughly propor- 
tional to the explosive strength) and penetration effect, !»hllo only a 
few shots were fired with rather widely scattered results (Table I), 
it was indicated that the relationship la approximately linear, althou^ 
for a given increase in velocity of detonation, say, doubling it, the 
penetration is not doubled, but is increased by some factor that is less 
than one times the velocity of detonation. Clark stated that more complete 
tests may show that the curve of penetration vs, velocity of detonation is 
an exponential one. 

The preferred explosive is one of high density and high brlaance 
which will reach its maximum velocity very rapidly, such as is found in 
pressed or cast solid organic nitrates or nitrocompounds, or high density 
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blends of nore than one such compound. 



Shot 

No. 


Ntenber of 
Plates 


Depth of 
flole , In. 


•Diameter of 
Hole, In. 


45^5 Gelamite 


; Velocity of Det,, 8,500 Ft. 


per Second 


1 


9 


2-1/8 


1-1/4 


2 


5 


1-1/4 


1-1/4 


3 


5 


1-1/4 


1-1/4 


Av. 


6-1/8 







60^ N. G. Dynamite; Velocity of Det., 19,000 FPS 



1 

2 

3 

AV. 


5^ 

!!♦ 

e* 

8 


1- 3/8 

2- 7/8 
2-1/8 


2 

2 

1-7/8 


100^ Oilwell Explosive; Velocity of Det., 


26,000 FPS 


1 


10 


2-1/2 


2 


2 


dud 






3 


16^ 


4+ 


1-1/2 


4 


15-1/2 


3-7/8 


1-3/4 


5 


9+ 


2-3/8 


1-3/4 


Av. 


12.8 







TABLE I - Penetration of three kinds of explosives in 
steel plates using two-inch hemispherical charges with 
cast aluminxim cases, aluminum-alloy liners, and three- 
inch standoff. (7) 



No one explosive can be said to be the beat for all applications. 
Compressed pentaerythrltol tetranltrate (PEUI) is a suitable material, 
or compressed or cast blends of this compound with trinitrotoluene, 
for example, in 50/50 mixtures (Pentolite). Likewise, tttmothylene 
trinltramlno (Cyclonlte) is a suitable explosive, as are its high den- 
sity mixtures with TNT. 

Those rated among the best by the U. S. Kavy are the castable 
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explosives, Composition B, Pentolite, and PTX - 2. For extemporized 
field charges, the plastic explosive, Canposition C-3, ^ves good re- 
sults. 



Various other detonating explosives, however, are well adapted 
for use. High strength commercial dynamites may also be used, but are 
less adapted In many waye than the solid organic explosives. 

The following factors, when present, will definitely influence 
the final choice of explosive: 

(1) Force of setback, if the charge is to be employed 
in a launched missile. 

(8) Operating temperature . 

In industrial applications, cost of the explosive is generally 
an Important item. 

The following tabulation showing various types of explosives em- 
ployed by various nations in shaped charge weapons may be of Interest 
to personnel engaged in their design. It should be understood that 
this list is by no means complete, and that it represents only those 
explosives which have come to the attention of the author during the 
course of this study. The order of listing of explosives has no 
significance. 



mOJF.CTILSS 

UNITED STATES 

(a) 50/50 Pentolite 

GEFa'AUY 

(a) TUT 



(b) 

(c) 



Cycloni te/Wax/INT 



Cyclonite/ffax (95/5) pressed in blocks wrapped in waxed 



paper 
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(<i) Cyclonite/}7ax (60/40) pressed in blocks wrapped in 
waxed paper 

JAP^^ 

(a) Cast mixture of 60^ INT and 40^ Cyclonite wrapped 
in varnished paper 

ITALY 

(a) ii^r 

(b) 58^ Cyclonite, 40,5^8 TOT, 1.5^ Wax 

(c) Tritolite (50^ TNT/ 50>5 Cyclonite) 

ROCKETS 

TOITSD statt;o 

(a) 50/50 Pentolite 

GERMANY 

(a) Cyclotol 

GRENADES 

T3NITED STA-nilS 

(a) 50/60 Pentolite 

GERMANY 

(a) Cast TNT 

(b) Dlnitroaniline with INT 

( c ) Cyclonite /Wax 

(d) Cyclonite/TKT (60/40) Blocks wrapped in waxed 
paper, wrapping cemented to interior wall of casing 

JAPAN 



VciJ 



(a) 50/50 Pentolite, wrapped in waxed paper 

(b) RDX/INT (50/50) 



BOMBS 



GERJ1<\1IY 

(a) /iinatol, 50/50 or 60/40 

(b) lUT 

(c) TKT/RD3C (46/54) 

JA3?m 

(a) RDX/THT (50/50) - (TMOYAKU) 

(b) 70^ TKT/ 30^ HID 

ITALY 

( a ) RDX/TIIT/Wax ( 60/38/2 ) 



GSmiANY 

(a) TOT 

(b) RDX/'INT 

JAPAN 

(a) Crude BIT 
DSa^UTION CHARC^S 
UNITED ST.'ITES 

(a) 50/50 Pentollte 

(b) 88/18 Comp, b/ 50-50 Pentollte (booster) 

(c) 94/6 •» *t *♦ 

BRITAIN 

(a) PEBJ/BIT (25/75) 



The effect of charge height on performance has been investigated 
by lawls and Clark. (25) The most effective height of charge above the 
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apex appears to be a little over two charge diameters for 45® 
cones. Increasing the height of charge beyond 2 to 3 diameters 
has little effect on the penetration. Expressed in a different man- 
ner, the length of the explosive charge from the lowest point where 
the explosive contacts the liner to the point of initiation should 
be as great as possible up to a maximum of 3 or 4 charge diameters. 

With regard to explosive width, optimum performance is ob- 
tained when the diameter of the explosive is eq.ua! to or only slightly 
greater than the diameter of the liner, (62) Increasing the explo- 
sive diameter beyond the diameter of the liner actually tends to de- 
crease perfoxmance in some cases, 

COHFINE!.TEWT OF EXPLOSITTE 

Tests hove been conducted by g, B. Clark (7) to determine the 
effect of confinement of the explosive (other than that offered by 
the liner). Eight shots were fired on granodlorite using conical 
charges of 100 % blasting gelatin with 60° cast iron cones, 3 Inches 
in diameter. The cases were made of molybdenum steel and their 
thickness was increased successively from 1/4 inch to 3 inches. The 
results are shown in Table II, 
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Shot 

Ko, 


Thick- 
ness of 
Case , 
In. 


Spall, 

In, 


Hole 

Depth, 

In, 


Total 

Depth, 

In. 


Diam- 
eter of 
Hole, 
In. 


1 


1/4 


3-1/2 


4 


7-1/2 


1 


2 


1/4 


2 


3 


5 


1 


3 


1/2 


3 


4 


7 


1-1/2 


4 


1/2 


2 


7 


9 


1-1/2 


5 


1 


2 


8 


10 


2 


6 


2 


1 


8 


9 


3 


7 


2 


2 


8 


10 


3 


8 


3 


3 


7 


10 


3 



TABLE II - Effect of confinement of charge in cast-steel 
cases on penetration In solid granodiorlte. {3-ln,, 60® cast- 
iron cones; 100 % blasting gelatin). (7) 



The Increase in hole diameter and volume is significant and 
can be attributed directly to the effect of confinement. The Increase 
in penetration was appreciable, though perhaps not as great as expected. 
There was approximately a 60^ Increase in penetration in going from a 
l/4-in. case to a 3- in. ease. The accompanying increase in cost and 
weight of the case, however, would hardly be justifiable. It is in- 
teresting to note that the Increase in penetration between a 1/4- in, 
and l/2-ln. case is approximately 28^ which is more in the practi- 
cable range. 

In the case of military weapons, degree of confinement is often 
determined by other factors, particularly in projectiles where ballistic 
factors must be taken into consideration. 

Clark has suggested that the mechanics of the confinement ef- 
fect are probably threefold: 

*♦(1) The action of rebounding gas molecules from the 
inside surface of the case has an effect on more ccmplete 
and perfect detonation of the explosive, and ensuring props- 
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gatlon of the high velocity of detonation of lOO'^S blasting 
gelatin; 

**(2) nuch more of the force of the explosion itself 
is directed toward the point of least resistance, the 
cavity end of the charge. This has a result of 

”(3) none of the explosive force being directed against 
the cavity liner itself to give a stronger jet.” 

ROTATICa: 

It has been found that if a shaped charge is rotated at a high 
rate of spin, say 10,000 r.p.m. , such as is obtained with artillery 
projectiles, the effect of penetration is greatly reduced. A static 
penetration figure of 3 to 4 calibers is reduced in shaped charge, 
arnor-piercing projectiles to 1-1/2 to 2 calibers for this reason. 

As the rate of projectile spin is increased from 0 to about 
12,000 r.p.m., penetration by a conical, lined charge decreases to 
about 50;^ of its static value, after which furtber spin has little 
additional detrimental effect. 

Although hemisphec leal liners show less degradation due to 
rotation, tl»ir penetration is less than that of conical liners. For 
this reason, conical liners are used in most applications where penetra- 
tion is the prime factor. 



JTETHOD OF INITIATION 



In beehive type charges, optimum performance is obtained when 
the wave front is perfectly syusnetrical with respect to the liner. 

This is obtained when the charge is initiated from a point on its axis 
of symetry and on the side farthest away from the base of the charge. 
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In the case of high ^eed projectiles, rapid Initiation is im- 
portant. The use of percussion type nose fuses incorporating a small 
shaped charge which upon impact initiates a booster at the rear of the 
charge is becoming more widespread as its action is faster than the 
functioning of a base fuse. 

In the case of linear cutting charges, most effecti-sc results 
are obtained when the charge is initiated from an end, 

SCAUro LAVtS (62) 

For maximum performance with conical liners of a giren base 
diameter, optimum liner thickness and optimm standoff increase with 
Increasing angle of liner. 

With conical charges, penetration increases directly os the 
base diameter. This linear scaling law has ber-n found to be so general 
thn t it has been used to a great extent. As a resvilt, other quanti- 
tative shaped charge data are usually given as percentages of this 
diameter. 
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IHLITARY APPLICATIONS 



The shaped charge as a military weapon saw its advent in World 
War II during which it rapidly grew to maturity. The */'unroe effect 
was for some time the secret within many secret weapons and it achieved 
spectacular results in anti-tank defense and in ths destruction of 
pillboxes and similar heavy concrete fortifications. 

The true lethal effect of a shaped charge weapon can hardly be 
gauged by the size of the hole it punches in a target. Rather is 
the damage caused by: 

(!) the spray of hot, high speed metal fragnents fr<xn the jet 
and those spalled from tte back of the target which rico- 
chet throughout a target interior, 

(2) the jet penetrating and detonating munitions, 

(3) the jet or hot fragments setting fire to conbustibles, 

(4) the hot gases, blast effect, and flying debris tending 
to make life unendurable for the occupants. 

In addition, the charge container explodes into lethal fragnents 
on the outside of the target; however, any damage resulting from these 
must be considered of a purely secondary nature. 

With the relaxation of security restrictions many of the mili- 
tary uses of shaped charges have been widely publicized in such well 
known magazines as Popular science. Life, and The Illustrated London 
News, and in various trade journals and newspapers. 

During World War II, ths development of shaped charges in this 
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covmtry was carried on under the cognizance of the Joint Army-Navy 
N.D.R.C. Shaped Charge Coinalttee. This work is currently being con- 
tinued under the auspices of the Department of Defense, 

One of the most important features of the shaped charge from 
the military standpoint is that the penetrating effect is Independent 
of the speed with which the weapon arrives at the target. Statically- 
fired charges as a matter of fact, are usually more effective thaij 
those moving at high speeds. This has been particularly useful fron 
the standpoint of hand-placed charges and also of TOcket projectiles 
which, because of their relatively slow speeds, could not be expected 
to penetrate heavy fortifications if conventional armor-piercing 
heads were employed. 

The shaped charge has permitted the foot soldier to rise to new 
stature for he is now able to match the devastating effect of light 
and heavy artillery by means of weapons which ho can carry in his hands 
or on his bock. 

This chapter will present a general description, including 
limited design details, of typical shaped charge munitions, both for- 
eign and domestic, many of which saw service during World War II, In 
view of the fact that many of otir own shaped charge weapons and ctir- 
rent developnents in this field are generally of a confidential nature, 
they arc of necessity omitted from this work. 

The foreign mimitions described are largely those of the defeated 
Axis powers, information concernihg which was largely obtained fron cap- 
tured weapons and by our occupational teams after the cessation of hos- 
tilities. 
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PROJECTIIES 



Prior to the uoe of the shaped charge principle in projectile 
construction, increased penetration using conventional AP projec- 
tiles was obtained largely by increasing the striking velocity. This 
led to the development of high-velocity guns, in which field the 
Geimans made tremendous strides with Sabot-type projectiles and so- 
called '•squeezebores.** These of course, are still important from the 
standpoint of obtaining high muzzle velocities for increased ranges 
and shorter times of flight. 

✓ 

Shaped charge projectiles have the advantage of giving good 
amor piercing characteristics to low velocity projectiles. For ex- 
ample, the TJ. S. 75-ehi Anti-tank Shell M66, when fired from the 75-am 
howitzer with a muzzle velocity of 1000 feet per second will penetrate 
3.6 inches of amor. Since ths penetration is independent of striking 
velocity, this penetration la applicable at any range up to the limit 
of the howitzer. 

By comparison, a standard AP shell fired from a 75-m gun with 
a muzzle velocity of 2030 feet per second will penetrate 3.1 inches 
of homogeneous plate at 1000 yards. This penetration will fall off 
at Increased ranges as a result of decreased velocity of the shell due 
to air resistance. 

It should be borne in mlirf, however, that if the AP projectile 
is able to pass throu^ a target before detonating, the lethal effect 
nay be much greater than in the case of a shaped charge projectile which 
detonates on the outside and only the jet penetrates ths target. 

High rotational speeds such as are experienced by projectiles 
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firod fron moot rifled weapons cause a decided reduction in the pene- 
trating power of shaped charges. For example, proving ground tests 
■how that when a U. S. lOS-^nm shell is fired with a muzzle velocity 
of 1250 feet per second it will penetrate 4.7 inches of armor. When 
detonated statically, however, it will penetrate 8 to 10 inches of the 
same armor. (62) By comparison, the performance figures for the 100-mn 
German Hl/C Hollow Charge Projectile against hetaogeneous aimor are: 
static - 155 mm (6.1 Inches), dynamic » 100 -oti (3.94 in.). (58) Over- 
coming the loas*/efficiency at high rotational, speeds presents one of 
the main problems in the futwe of shaped charge development. 

Although hemispherical liners show less degradation due to rota- 
tion, their penetration is leas than that of conical liners, and hence 
practically all U. 3. projectiles have conical liners. This of course 
is influenced by the desired resiilt. The Gennans on the other hand 
have made wider use of hemispherical charges in the past. 

It is also interesting to note that practically without excei>- 
tion, Gorman artillery projectiles and some other foreign makes are 
fuzed with Impact nose fuzes. In addition a long central flesh tube 
generally extends part or all of the way from the gaine (booster) 
which is located at the base of the shell to the nose fuze. This 
causes the detonating force of the nose fuze to be directed toward the 
base of the shell where the gaine subsequently initiates the main 
charge at the proper position for Jet action. 

In the United States, however, base detonating fuzes ware used 
in the past with but one exception, this being In the 57-inm HEAT Shell, 
1/1307. This particular shell in 1947 was unique for two reasons. First, 
it was the only standardized shell in this coxmtry that contained a 




hemispherical liner, and second, it was the only shaped charge shell 
to employ an instantaneous nose fuze. This fuze (K90) causes a small 
shaped charge jet to be shot down the central tube initiating the main 
booster charge. The hemispherical liner was used because it was be- 
lleTed to be less affected by rotation than a conical liner and also 
becatise the apex of the conical liner would be too close to the point 
of detonation in this smell shell. 

Shaped charge projectiles have been adapted to almost every 
conceivable weapon by foreign powers, the Germans having undoubtedly 
outsurpassed all others in this field. Shaped charge shells were 
designed by Germany diiring World War II for such pieces as tank cannon, 
anti-tank guns, assault guns, mountain gvins, field guns, recollless 
guns for airborne troops, infantry guns, howitzers, etc. 

Gemany also designed 75-Ena shaped charge projectiles for Bel- 
gian, Jugoslav, French, and Dutch guns and a shell for the 76,2-mn 
Bussian howitzer. 

The Italians were also found to have equipped a large range of 
artillery weapons with hollow-charge amunition. Of the types that 
have been recovered, all show a similarity of design in that they ap- 
pear to be converted H.E, shells. 

Typical shaped charge projectiles are shown in Figures 23, 24, 

23 , and 26 . 



ROCKETS 



One type of shaped charge rocket tised by the United States is 
the 2,36-Inch high explosive anti-tank rocket. It is the amunition 
for the famous "Bazooka" developed by the Army Ordnance Department, 
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(United States) 




Fif^, 25. Type 2 7-cm 
Hollow-Charge Projectile, 
(Japanese) 



(60) 







Fig. 24. —She//, HE, AT, 57-mm, M307. (62) 

(Itoited States) 




AIR SRA*" 






central TuBL 



GAiNfc 



26« Hollow Charge ProiectUe for Tank Gun, 
75.mm, /.S-cm Gr. Pofr. 3« KwK. (H. t.) ( 58 ) 

(German ) 
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Originally designed as a grenade for the caliber ,50 machiiE gun, it 
was later fitted with a rocket motor and first saw service in the 
North African campaign where it won quick approval, 

The earlier designs of this rocket have been constantly improved 
and a late model, the r6/i5, is shown In Fig, 27, 

Proving ground teats show that vdien fired at a velocity of 275 
feet per second, this rocket can consistently penetrate 4-1/2 to 5 
inches of amor plate with a 30° angle of Impact, This is equivalent 
to a perpendicular penetration of 5-1/2 to 5-3/4 inches. Static tests 
of this rocket using a standoff of 1-1/2 Inches give a penetration of 
6 to 7 inches of armor plate. By comparison, the TJ. S, 75-m (2,95 In.) 
anti-tank shaped charge projectile. I?66. which was described earlier, 
when fired from a howitzer with a nuzzle velocity of 1000 feet per second 
will penetrate 03ily 3,6 inches of armor. The K66 has a 42® mild steel 
cone and has a 1 pound explosive charge of 50/50 pentolite. The 2, 36- 
inch rocket is equipped with a 42° copper cone and is loaded with only 
1/2 i>ound of the same explosive. These results are at first rather 
surprising and further emphasize the detrimental effect of hif^ rota- 
tional velocities on shaped charge action. 

During the early stages of the Korean ”,'ar, it was discovered 
that the 2,36-inch bazooka was tmoble to cope with the thick amor 
plate of the Russian-made tanks. As a resvilt, a heavier version of 
this weapon, the 3,5-inch anti-tank rocket was pushed into production 
and proved equal to the situation. Simultaneously, a 6.50-lnch anti- 
tank aircraft rocket was rushed into manufacture and it proved to be a 
devastating tank killer. It is interesting to note that the time frcri 
its inception until the first complete round was manufactured was only 
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Fig* 27* 
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— Rocket, HB, AT, 2.36— inch, M6A5, ^ 03 ) 

(United States) 
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LINER 
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WOOOEN PLUG 




primer detonator 



BOOSTER 



IGNITER 



QUtCKMATCH 



PRIMER 



Fig. 28. 



PROPELLENT 




FIRING PIN 



<— 4.t-cm Hollow Chorgo AoUtook Motkot 

(GeriiB n) 



(57) 
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two weeks. It should be enphasized that angle of impact is not as 
critical with shai)ed charge weapons as it is with AP shells, which 
factor is extremely important in anti-tank warfare. 

On the foreign scene, the Germans had developed an 8,8-cm, 

(3, 5- in.) H.e. hollow charge anti-tank rocket as shotax in Fig. 88, 

This weapon was fin stabilized and was fired from a mobile anti-tank 
rocket launcher. It was equipped with a pear-shaped liner and an in- 
stantaneous nose percussion fuze. The charge consisted of 1,45 pounds 
of Cyclotol. No performance data is available for this weapon. 

Another rocket weapon developed by the Germans was the Faust- 
patrone Hollow Charge Grenade, (57) This weapon was rather unique 
in that it was launched from a simple 31-1/2 in, metal tube which was 
then discarded. The tube contained a propellant charge in a waxed 
cardboaird container which was held in position by a sei: screw. The 
projector was equipped with a sight which was adjustable for the re- 
latively short 33-yard range of the rocket. During firing, the tube 
was held under the right arm, the left arm supporting the forward pert. 
On discharge, a sheet of flame up to 6 feet long came from the rear 
end of the t\:be. The grenade weighed 6.62 lbs., had a bursting charge 
of 3,4 lbs., and was equipped with 4 folding tail fins and a base fuze. 



GHENADN3 

HAND GHT'INADES 

The value of shaped charge hand grenades is a questionable issue. 
It appears that the few which have been designed were planned to be xised 
primarily as anti-tank weapons. Some grenades of this typo are designed 
to go off on impact. Others are equipped with delay elements and with 

r 





sOTie msans of fastening them to a target. 



It should be realized that should o grenade of the latter type 
miss Its mark and fall to the ground, there exists a good xxjsslbiliiy 
that the base of the shaped charge may end up facing the thrower. 

Upon detonation, the jet will have a much greater lethal range than 
an ordinary grenade. 

Fig. S9 shows a Japanese anti-tank hand grenade which was made 
in two sizes of weights 1,85 and 2,75 pounds. The smaller grenade 
hod an aluminum conical liner; the other had a liner of steel. Tied 
around the top of the grenades was a 14-lnch tail of hemp to provide 
stability in flight and to make the weapon strike base first. The 
fuze was designed to function on impact. 

The Germans hod several shaped charge hand grenades. Fig. 30 
shows a 2,2 pound grenade designed for anti-tank use. This grenade 
was fitted with four folding canvas fins which flew out when thrown 
giving the grenade stability. The liner was of odd design, being 
partially conical and partially hemispherical. Dctoxfitlon occurred 
on impact . 

Fig. 31 shows a German magnetic anti-tank hand grenade. It was 
a relatively heavy weapon, weighing 7 pounds 11 ounces and was fitted 
with three pairs of magnets which were sufficiently powerful to cause 
it to adhere to a vertical surface. This grenade was equipped with 
two delay-type Igniters of 4-1/2 and 7 seconds, and is reported to have 
penetrated as much as 4,33 Inches, The cone angle was 60®. It is 
doubtful that this grenade was intended to be thrown very far, if at 
all. Another similar weapon was called the Panzerhandralne 3 which is 
discussed in this work in the section on T/lnea, 
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The Germans hacl still a third type of shaped dharge grenade 



called the "sticky type," The base of this grenade had a flat sticky 
pad which was covered during transit with a press-on lid. No in- 
formation is available as to whether this grenade was thrown or placed 
against the target. It is possible that it coiild be lobbed for short 
distances, although this would have been very difficult as it had no 
means for stabilization, 

RIFLE AIH) PISTOL GRENADES 

The anti-tank rifle grenade, M9, has the distinction of being the 
first shaped charge weapon to be placed in service by United States forces . 
An Improved model, the M9A1, is shown in Fig, 32, This weapon has a 
range of 365 yards with the standard grenade cartridge, and greater 
ranges with an auxiliary cartridge, A grenade laxmcher must be attached 
to the rifle before use of the grenade. 

The M9A1 has a l/4-lb, charge of 50/50 Pentollte and is equipped 
with a 44° conical mild steel liner. 

Firing tests have shown that the M9A1 will penetrate 3-1/2-inCh 
amor plate 80^ of the time at an angle of 23°, with average entrance 
and exit hole diameters of 0,65 and 0,16 inches respectively. 

The Japanese had at least two sizes of shaped charge rifle 
grenades. The larger was a 40-nm grenade having a total wel^^t of 
12,45 ounces and a charge of 3.81 ounces of 50/50 RDX and TNT, This 
weapon had a conical liner and base detonating fuse, and was a copy 
of the Goman Gross Gewehr Panzergranate, It was fired from a cup 
launcher attached to the standard 6,5-inn rifle, tho propelling charge 
consisting of a special cartridge with a wooden bullet. 
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The other size was a 30 -cti grenade which was similar to the one 



Just described, except that it had a total weight of 8,?5 ounces and 
a charge weighing 1.75 ounces. 

Germany had sereral sizes and types of anti-tank, shaped charge, 
rifle grenades ranging from 8,8 ounces to 15-1/2 ounces. All had conical 
liners except one which had a hemispherical liner. The grenade stems 
had a prerifled section to correspond with the rifling of the discharger 
cup. Detonation was initiated by base detonating fuzes. Little in- 
formation is available as to the ranges of these weapons. An 8,8- 
ounce grenade had a range of 50 yards while the 13-l/2-ounce weapon 
shown in Fig. 33 had a range of 100 yards. 

A somewhat different type of hollow charge rifle grenade pos- 
sessed by the Germans was the 37Hnm H.E. anti-tank stick grenade, 
also called a rodded bomb for the 3.7 cm (1.45 in.)P.A.K. 41 gun. This 
was a heavy grenade weighing 18-3/4 lbs, and having a bursting charge 
of 5,3 lbs, of 60/40 Cyclonite/INT, See Fig. 34, This grenade had a 
steel rod which fitted into the gun bore, and a concentric perforated 
sleeve which fitted around the barrel. Six fins provided stability in 
flight. This weapon was fitted with both nose and base fuzes. 

The Germans also had a hollow charge pistol grenade weighing 
1.3 lbs. designed for firing from the Walther £7-m signal pistol. 



Germany, Italy and Japan developed a limited number of shajjed 
charge bombs during World War II though little information is available 
as to their use. 
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Flg« 32* — Grenade, AT, M9A?.(g2) 

(United States) 
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ITie Japanese developed smll cluster bombs of 1/3-Kg and 1-Kg 



size. Captured docunents describe the use of the former in air-to-air 
bombing in clusters of 30 or 76 per container. See Fig. 35. The 
later were carried in clusters of 40. 

The Italians had designs completed for 3.5, 5, 25, 50 and 100-Kg 
hollo^v charge bombs although the 3.5-Kg was the only bomb of this type 
known to be used or manufactured by them. See Fig. 36. All of these 
bombs were similar In appearance, except the 25-Kg which differed slightly. 

Germany had several types of shaped charge bombs as shown in 
Figs. 37 and 38. The SD 4-Kg EL Hollow Charge Bomb was designed as an 
anti-personnel and vehicle bomb. It employed a rather unique method of 
initiation. On impact, the Z66 nose fuse induced an electric current 
which passed via electric leads to the detonator in the base of the 
bomb where a squib was fired, setting off the gaine (booster) and the charge. 

Details of the SD and HL type bombs were obtained from docmaen- 
tary evidence only. 

The German 250 H.I. coiild penetrate 13.8 inches of armor plate. 

The 500 H.L. could penetrate 2 feet of amor plate or 11-1/2 feet of 
concrete. Performance figures for an 800 H.L. bomb are not available 
but It appears that with an H.F. charge of 110 Kg, it was hoped to 
penetrate 3.3 feet of amor or 19.7 feet of reinforced concrete. 

The special nose device for use with SD 250 bombs consisted of 
a hollow charge which was to be attached to a bc»nb of standard type. 

This charge, which weighed about 4 Kg was detonated by its own fuse 
located in the nose of the device. In order that the detonation of the 
hollow charge woxild not damage the bomb, the space between the charge 
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Fig, 35. T3rpe 2 l/3-Kg Cluster 
Bomb, (59) 
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Fig, 36, - Hollow-Charge Bombs (gl) 
(Italian) 
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Fig# 37# — SD and H.L Hollow Charge Bombs (57) 
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and the bomb was filled with a mixture of sawiust end cement* This 
special nose device for the nD 250 obtained greater penetrating power 
from low altitudes, the bomb following through the hole made by the 
nose piece* The bomb had a short delay fuze so that detonation would 
occur Inside the target. 



Nothing has been found In the literature regarding the appli- 
cation of the shaped charge principle to the more familiar types of 
mines such as sea mines, and land mines of the anti-tank, anti -vehicle, 
and anti-i)ersonnel types. 

Two shaped charge weapons are included in this section princi- 
pally because they are designated as mines in their ncmsenclature* 

The first is the Japanese Ltinge Kine which has been rather widely 
publicized in the open literature* As shown in Fig* 39, this weapon 
consisted of a conical charge attached to a long polo* It was desi^ied 
for use against tanks; a charge of 6*6 lbs, of crude TKT made it cap- 
able of penetrating 6 inches of steel* Ibree metal legs 6 inches long 
and welded to the base of the charge container guaranteed the proper 
standoff* 

This was strictly a suicide weapon* In practice, the operator 
pulled out the safety pin, then lunged at the tank in bayonet style* 

Vihcn the legs of the mine struck the target, the handle was driven for- 
ward breaking the shear wire, and the striker was driven into the deton- 
ator initiating the explosion* 

Another mine- type weapon was the German magnetic anti-tank charge 
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Fig* 39* —Lungt Mint. (59) 
(Japanese) 




^ig* 40* — famtrhandmln* 3 Anlilonk Magntlic Chargt Mint {5*? ) 

(German) 
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(Panzerhandmine 3) shown in Fig. 40. This was an 8-lb. assault weapon 
designed to be olaced on eneny tanks or similar targets, to which it 
could adhere by means of magnets or spikes. The 2-1/3 lb. explosive 
charge was of THT or ROX/IUT. The container was of paperboard and the 
iron keeper ring containing the spikes was reversible. The charge was 
fired with a 7-1/2-second friction igniter. 



Tno very familiar beehive-type shaped charges which were de- 
signed for the penetration of armor and reinforced concrete are the 
U. S. Corps of Engineers 15-lb. l!2A3 and the 40-lb. K!3 shown in Figs. 

41 and 42 respectively. These charges gave excellerrt results during 
World War II in punching bore-holes in masonry, concrete, or brickworic, 
and in the destruction of reinforced concrete pillboxes. 

In bridge deiiK>lltion, bore-holes may be quickly made in piers 
or abutments using shaped charges. These holes are then packed with a 
secondary explosive and on detonation will cause complete disruption 
and collapse of the structure. 

The use of drilling machinery for making shot holes for blasting 
such as is frequently required during hasty withdrawals is usually im- 
practical. The shaped charge, however, jirovides a satisfactory and 
rapid means of drilling these bore-holes. In order that the resulting 
hole may be filled with a secondary explosive material, it is essential 
that the hole not contain a hot metal slug, which is usually the case 
when a metal is used as the liner material. The Wi2A3 employs a high 
density glass cone primarily for this purpose. It foims an easily- 
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pulverized slug which can be raked from the jet hole leaving the hole 
relatively cool and safe for inserting secondary explosives. The 
glass cone has a further advantage of producing a hole with a greater 
volume (althotigh slightly less depth) than a similar steel cone. 

The W-BA3 will penetrate amor plate to a depth of 18 Inches, 
with a hole diameter tapering from approximately 3-1/2 Inches to 2 inches. 
It will also penetrate reinforced concrete to a depth of 38 Inches with 
hole diameter tapering from about 3-1/2 inches to 2 inctes. The charge 
causes a smell amount of cratering at the surface and considerable spal- 
ling at the back side. ;\galnst thicker targets, complete penetration 
can generally be obtained by firing succosslve charges over the sane hole. 

Because of a scarcity of Composition B when this charge was 
developed, 50/50 Fentollto was standardized as the filler. Charges manu- 
factured toward the end of the war, however, contained the more powerful 
and cheaper composition B. 

Although this charge contains no metal parts (with the exception 
of the closing cap and detonator well), the case being of molded fiber. 

It is recotnmended that personnel be under cover and at least 100 yards 
away on detonation. 

Ihe 40-lb. r.'3 charge, unlike the K2A3, has a sheet steel container 
and a mild steel cone. It was designed to perforate a 5-ft. thick, re- 
inforced concrete pillbox. Tests dhow that it will penetrate reinforced 
concrete to a depth of 55 inches with hole diameter tapering from approxi- 
mately 5 inches to 1-3/4 Inches. In concrete, the hole produced permits 
insertion of a Bangalore Torpedo for further demolition. 

Like the f;2A3 charge, the M3 nay be found with two types of loading. 
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In using this charge, all personnel should be under cover and at least 
100 yards away at time of detonation. 

The above charges need not be clamped tightly against the sur- 
face to be punctured. If a hole is desired in a vertical wall, the 
charge can be propped against the wall with a forked stick or suspended 
frcxa a wire like a picture frame. 

The British also had two well-known demolition charges, the Bee- 
hive and the General Wade. (49, 55) The Beehive was similar te the 
U. S. charges described above. It was manufact\ired in two sizes, the 
Ml having a 6-1/2 lb. charge and a larger 50-lb, weapon having a 30-lb, 
explosive charge, (14) Both charges consisted of 25/75 (KJTN/TKT), 

An 800 metal cone was used. The General Wade was a general purpose 
shaped charge having a 26-lb, filler of Pentollte, It was built around 
a metal semi-cylinder. 

The British also had another dranolition charge called the "Hayrick" 
or "Stock," (49, 55) This charge was produced primarily for bridge 
demolition. The Hayrick is a linear, wedge-shaped charge with cuts along 
a line. 

The U, s. Navy Bureau of Ordnance developed the Demolition Charge 
l^ark 22 kbd 0 for quick scuttling of explosive-filled, drone boats by 
cutting a 10- in. by 20- in. hole through the 1/8- in, bottom plate. The 
charge is shown in Fig, 44. A watertight standoff sleeve allows the 
charge to function under water. It may be used for cutting through mild 
steel plate up to l/2-ln, thick. The container is furnished empty, being 
loaded with 1-1/4 lbs, of plastic explosive prior to use, 

A Cable and Chain Cutter Mark 1 Mod 1 was developed by the II. S. 
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Navy Bureau of Ordnance for use by Tinderwater demolition teams, 
though its use is by no means limited to v?ork of this type. The charge 
was designed to cut cable, chain, or similar material which mij^t be 
employed as obstacles to landing craft. This horseshoe-shaped container 
employs an 80®, V-shaped, mild steel liner and is filled with 2 lbs. 
of plastic explosive prior to use. The cutter is provided with a 
spring-loaded clamping aim which locks it in place on the object being 
attacked. 

The charge is capable of cutting 2-in. steel cable, l-l/2-ln. 
steel anchor chain, or other material which will fit between the 
horseshoe Jaws. ITeedless to say, the cutter is destroyed during deton- 
ation, and if used out of water, personnel should be under cover to 
avoid flying fragments. 



OHDHANCE DISPOSAL CHARGES 



Several types of shaped charges have been developed by the 
U. 3. Navy Bureau of Ordnance for the disposal of explosive-filled 
ordnance. These, in general, consist of either small, beehive-type 
charges for initiating ’♦low-order" detonations, or of linear and cxarvi- 
linear charges for sectioning STcplosive-filled ordnance. 

Figs. 45 and 46 show the use of the Cavity Charge >k2 Mod 0 
for opening D. 3. and German bombs by the initiation of low-order deton- 
ations, The shaped charge is shown to the right of the bomb in Fig. 
45(a), and on top of the bomb In Fig. 46(a). 

Cavity charges employed for such work use a small charge of 
plastic explosive (such as Ccmposition C-3), the explosive being loaded 
Just prior to use. Relatively large standoffs are used, and in attacks 
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Fig. 41,- Shaped Charge, JS-lb M2A3. (62) 

(United states) 
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Fig« 42# — Shaped Charge, 40-/fa., M3. ( 62 ) 

(United States) 
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Fig# 43#— Two-inch 



Steel Cable and I’/? -inch Steel Anchor Chain Cut by Demolition of Cutter. (62) 

(United States) 
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Demolition Charge Mark 22 Mod 0. 




Demolition Charge Mark 22 Mod 0 
Placed an Vs -inch Steel Plate Supported on 
Surface of Water. 




Fig, 44. Vs -inch Steel Plate Showing Rectan- 
gular Hale Cut by Demolition Charge Mark 22 

Mod 0. (62) 

(United states) 
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on borabs and projectiles, approximately 8(^ nay be expected to result 
in low-order detonations. Carity charges have also been applied to 
the disposal of burled ordnance. 

Linear and currllinear charges have been used successfully for 
the opening of thick and thin-cased explosive-filled ordnance. Under 
optimum conditions, linear cavity charges can be expected to penetrate 
to a depth equal to 8CK' of the width of the cavity lining in mild 
steel targets massive enough to withstand the attack, and to a depth 
equal to one charge width in mild steel targets where the depth of the 
target Is no greater than the charge width. 

The successful sectioning of thin-cased ordnance depends upon 
cutting completely through the ordnance case and to a sufficient depth 
into the explosive filling to obtain sufficient shearing action to 
separate the explosive. 

Linear cavity charges with V-shaped linings of 120° apex angle 
have been preferred for sectioning thin-cased explosive -filled ordnance. 
This is due to ease in manufacture over charges with an 80° liner. 
Charges of the former type have been used for sectioning steel cases 
varying in thickness from 0.06 Inches to 0.30 Inches. Cavity charges 
with 80° liners have been used for sectioning cases thicker than 0.30 
Inches, where the necessarily larger charge increases the easo of manu- 
facture and filling. 

Fig. 49 shows a German G type mine before and after sectioning 
by a curvilinear cavity charge. CTirvllinear charges for such purposes 
can be rolled from thick sheet bress. 

Fig. 48 shows a German G.P. bomb before and after sectioning by 
a linked linear cavity charge. When linked linear charges are applied 
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to cutting on curved surfaces, gaps will necessarily appear between 
the explosive filling of Individual links. Best results are obtained 
when these gaps are filled with plastic explosive. The links used 
are generally 3 or 6 Inches In length and are Joined together by means 
of wires soldered at the base of the links. 

In order to assist mine and bomb-disposal personnel in the 
preparation and use of linear cavity charges, the Linear Cavity Charge 
Calculator, shown In Fig, 47, was developed from information derived 
In a fundamental investigation of linear cavity charges of plastic 
explosive conducted by the Ordnance Investigation Laboratory, 

The face of tte calculator contains five different scales for 
cavity linings of both 80° and 120® apex angles, as folloxis: 

S •> Standoff distance, 

W (black) « Width of charge, 

W (red) • Desired depth of cut Into massive targets, 

H * Hel^t of plastic (Composition C-3) used In charge. 

T ■ Thickness of mild steel required for cavity lining. 

The back of the calculator includes Instructions for its use, 
penetration equivalents for cavity charges in various target materials, 
a rule in Inches, and a table of decimal equivalents. 

The use of the calculator la Illustrated by the following 
example: (62) 

PROBLEM 

It Is desired to make a cut 0,8-lnch deep In a mild steel 
plate l-l/2-inches deep, using the mlmlmuni quantity of plas- 
tic explosive, 

30LUTT0N 



Since linear cavity charges of plastic explosive fitted 
with cavity lining of 80® apex angle are efficient cutting 
charges and the target plate Is massive enough to withstand 
the attack without spalling, the hairline is set to 0,8 on 
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the rod W scale for the 80° angle. The required charge 
sx)ecif icationa are then read from the rule as follows; 



Charge width 

Height of explosive (H) 

Thickness of liner (T) 

Optimum standoff distance (s) 



1 in,(l)l8ck ly scale) 

1,2 in. 

0.040 in. 

0.6 in. 



A linear cavity charge made to these specifications may 
be expected to penetrate to a depth of 0.8 inch into the 
given target plate. 

For additional information on opening explosive-filled ordnance, 
OP 1720 should be consulted. 



CABU: CtriTgR 

A specialized item to bo used as an emergency cutter for the towing 
cable in a glider pick-up system has been developed by the lAnny Ordnance 
Department. (62) It is called the Cable Cutter Ml and is somewhat simi- 
lar to a cable cutting device patented by C, 0. Davis (11) in 1943, In 
practice, the cutter is placed below tho airplane in a shielding box 
through \fhlch the tow cable passes, Tho shaped charge container is 
made of flberboard to reduce mlsello hazard. The box stops all frag- 
ments which might damage the plane. With a 0,06 lb, charge of Pento- 
lite, the cutter will easily sever a 3/8” steel tow cable, 

MINE CLEARING SNAKE 

A ”twln tube mine clearing snalra” for clearing a passageway for 
men and vehicles through a mined area has been patented by Orexilieh, (16) 
This snake consists of a number of metal sections which may be bolted 
together in the field and pushed into a mined area. These sections 
have a tube along each outer edge containing an explosive material in 
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(l») I’oin!) (ipcmd 1>\ low order detoiiatinn of explosive fillinir 
initialed by ailaekof Cavil\ Charge Mk 1 Mod 0. The sociion 
torn from tlie ease \Na>^ blown ai)pro\iniatel\‘ 2(X) \anN. 



(b) J5<l-kir. ( ierman (i.P. l)omb opened h\' low order 
• letonation initiated h\ ailaek of ( a\it> C'liap^e Mk 2 .Xbul 0. 
'riu honil) ea<e is rip|»ed open and the explosive t'dlitii; is 
broken np aiul >eattered. 



Fig. 45.— U-5. 500-pound G.P. Bomb AN-M63.(62) 



46. — 250-kg, Cermon O.P, Bomb. ( 62 ) 
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(b) Face View 

Fig, 47, Linear Cavity Charge Calculator, Hairline is set 
for computing specifications for charge required for cutting 0,8 
inch into a l-l/2-inch thick target of mild steel. (62) 
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(li) Sifi itiiU'l )•> i1k’ «KlonaM«in of tlu- liiikc<l ltm;tr 
cavii\ iliarLir>. 

pig^ 48# — 250-kg. German G.P. Bomb. (62) 





(c) lila>tin.c: cap placet! in bfxistcr of approximately 10 gr. 
of Composition C-3. The blastinji cap does not e\ten«l 
into the charge proper. 



(d) rile -eetion cut from the mine ca^e lia'> been thrown 
appro\imatel\ H) feet. 

Fig# 49# — Germon G Ground-Sea Mine. (62) 
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the form of a V-shaped wedge facing outward. It is contended that on 
detonation, the shaped charges produce a maximum sidewise destructive 
effect and clear a maximum possible width of path through a mine field. 
This is a dubioxis issue, hoxvever, 

FUZES 

The use of the shaped charge trinciple in nose impact ftizes of 
shaped charge projectiles was illustrated in this chapter in the sec- 
tion on inrojectlles. The iise of percussion type nose fuzes incorpo- 
rating a small shaped charge which upon impact initiates a booster at 
the rear of the charge is beccming more widespread, as its action is 
faster than the functioning of a base fuze. Rapid initiation is ex- 
tremely important in the case of high speed, shaped charge projectiles. 



SUiftiARY 



1, The shaped charge principle has been incorporated into almost 
all types of military weapons. The major powers made widespread use of 
it during World War II, 

2, Weapons incorporating the shaped charge have found application 
principally in the destruction of pillboxes, bridge demolition, and in 
anti-tank warfare, 

3, A variety of charges of both the beehive and linear types 
have been designed and proven effective for the disposal of explosive- 
filled ordnance, 

4, A calcxilator has been prepared to assist mine and bomb dis- 
posal personnel in the preparation and xiae of linear cavity charges of 
80° and 1200 wedge angles. 
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5. The penetrating power of shaped che.rge weapons Is practi- 
cally independent of the striking velocity. Statically-fired charges 
are in general more effective than high speed charges. 

6. Shaped charge weapons give the foot soldier the striking 
power of light and heavy artillery. With a 40-lb. charge he can 
blast a hole through 5 feet of reinforced concrete, 

7. In the design of shaped charge weapons, laaxlmua i>enetra- 
ting efficiency must frequently be comproEnlsod by other considerations 
such as ballistic requirements, 

6. High rotational speeds of projectiles cause reductions in 
penetration to as low os 50 % of static valtes. 

9, The angle of impact of shaped charges is not as critical 
as it is with armor-piercing shells, making them more effective in 
hlgh-obllqulty attack of armored targets, 

10, Conical liners are preferred in most applications where deep 
penetrations are desired. 

11, The shaped charge principle has also found application in 
cutting cable and chain. In projectile fuzes, and in the rapid severing 
of glider tow lines. 
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INDUSTRIAL APPLICATIONS 



The publicity given to the military uses of shaped charges has 
naturally led to wide interest in its industrial possibilities. These 
have been investigated by several explosives manufacturing companies 
both foreign and domestic, the U. S, Bureau of Mines, several tiaers of 
explosives, and others. 

Use of the shaped charge is rapidly gaining in popularity, and 
as knowledge of the phenomenon and its rachanics bocomes more wide- 
spread, it is believed that additional uses will be envisaged. 

The following discussion deals not only with indiistrial ai>pll- 
cations which have proven successful, but also with others which ap- 
pear to have practical utility. T'any of these have been evaluated. 

Some have proven practical, others Impractical, while a number of 
others although hewing practical utility, appear to be Justifiable 
only in limited situations largely because of economy, noise, and 
blast considerations. 

Since the number of applications thus far investigated is rather 
limited, most of them will be presented herein in order to inform the 
reader as to what has been done in this field, and what results have 
been obtained. 



BRTilAKINO BOULDERS 



Of all the industrial applications of shaped charges, perhaps 
none has had as many contradictory views and opinions expressed about 
it as has had the use of shaped chorges for breaking boulders. It is 
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therefore doubly interesting to study this problem and to view the 
controversial literature pertaining to it. 

There is a definite requirement in quarries and in some mines 
for a means of breaking large boulders produced by primary blasting. 

The reduction of boulders to crtxsher size is termed secondary blasting. 
Some large qiiarries have as many as hundreds of boulders that must be 
broken by secondary blasting each day and the task is an important 
and expensive one. 

One of two cconon methods of breaking large boulders is block- 
holing, or as the British call it ”pop shooting," in which a shot 
hole is drilled and charged with a relatively small quantity of ex- 
plosive. In this method the explosive energy is released within the 
boulder, even though the hole may be only a few Inches deep. 

The other method is termed plastering or mud-capping in which 
the explosive charge is laid on the surface of tho boulder, after which 
the charge is covered with mud before firing. 

Neither of the above methods Incorporates the shaped cherge 
principle. 

During the period October 1945 - Vny 1946, considerable work 
was done at the University of Utah by R, S. Lewis and o, B. Clark 
to determine, among other things, the rock-breaking qualities of 
shaped charges. Types of charges experimented with were cylindrical 
charges haviig conical cast iron liners, hemispherical, and linear 
cast iron lined charges. These were «nployed in attacking solid 
granodlorite. 

In 1946 Lewis and Clark stated that: 
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"The relationship between penetrating power and rock- 
breaking power of I*unroe Jets has not been definitely es- 
tablished, but it is believed that the relationship ia 
approximately linear. That is to say, the breaking power 
of a shaped charge increases in apijroximately direct pro- 
portion to the depth of penetration. Charges which are 
not correctly designed for achieving maximum penetration 
will not utilize the ftill possible energy of the explosive. 

Thus, for secondary breaking, as well as for penetratton 
effect, liners must be annealed, optimum stand-off used and 
high powered explosives employed, properly packed in the 
charge, as well ae incorporating other features of 
desi^. . . (25) 

The conclusions reached as a result of the above breakage teats 

were: 

(1) Linear charges exhibit a marked tendency to break rock of 
relatively small thickness along the line of the charge, 

(2) Hemispherical charges proved effective in breaking rock, 
their breaking power being a function of the two shortest 
dimensions of the rock at the point of application. For 
effective results, the charge should be placed perpen- 
dicular to the two longest of the rock’s dimensions. Charges 
placed on ridges tend to spend their energy on the ridge and 
fall to penetrate or break the rock effectively. 

(3) Shaped charges have a definite and useful application in 
mining operations, both in secondary rock breakage, and 
drilling holes for blasting solid faces of rock, vjhen 
fully developed and properly applied, the use of this type 
of charge will expedite blasting operations by saving time 
and labor with a proportional reduction in cost. 

Additional experimentation was conducted by Clark, in cooperation 
with the Wining Department of the University of Utah, diirlng the summer 
of 1946, Breakage tests were carried out on three sets of graded sizes 
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of concrete blocks employing 2** hemispherical shaped charges with 
alTiminum alloy liners and aluminum cases. Fifty- four charges were 
used, each third of them beirg loaded with either 100;;5 blasting 
gelatin, 60;^ N, 0. dynamite, or 45^ Gelamlte, 

The results of these tests indicated that for a given shaped 
charge, higher strength explosives are more effective in secondary 
breakage, the breaking power of the Jet being assisted considerably 
by the Impact blow of the shock wave of the explosion. 

A few charges were also tried on boulders of iron ore and re- 
sults indicated that larger charges are necessary to break boulder 
iron ore than non-ferrous rock or concrete. 

In England, during World War II, a shaped charge called the 
General Wade was developed for the demolition of reinforced concrete 
emplacements and walls. It contained some 25 lbs. of explosives and 
was built around a semi-cylinder. Research work was subsequently car- 
ried out in England with small editions of the General Wade for breaking 
boulders, but results obtained were no better than those using a good 
plaster charge with some of the coioaerclal explosives. In January 1947, 

R, Westwater of the Explosives Division of Dni>erial Chemical Indxistrles 
Limited stated that "Present indications suggest that the breaking of 
boulders or secondary blasting in quarries would be performed more 
economically by the plaster shooting method, rather than by shaped charges. 
(55) 

Boulder blasting experiments conducted by R. P. preckel are out- 
lined by R, W. Lawrence in The Explosives Engineer of Nov.-Dee, 1947. 

(24) Shaped charges of blasting gelatin (2" and 4" in diameter) were 
detonated against limestone boulders in comparison with similar charges 
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which were not shaped. 

The results are smmarized as follows: 

(1) Solid charges produced bettor breakage than shaped 
charges. 

(2) The penetrating ability of shaped charges is of 
little utility in breaking boulders, 

(3) The boulder breaking ability of shaped charges is 
greater with no standoff than with standoff. 

It is interesting to note the dlsoai'lty of opinion of the above 
investigators. 

On August 26 and September 17, 1949, a new method of secondary 
blasting for the reduction of boulders to crisher size was dcronstrated 
by its inventor Laud S, Byers at Logan granite quarry in ’.?atsonville, 
California, (46) 

This method consisted of placing a shaped charge of modified 
design upon boulders, without nud-capping or artificial covering of 
any kind. This new charge was called the "multiple- Jet shaped blasting 
charge" and is covered by U, S, patent 2,513,235 of June 27, 1950, 

It should be mentioned that in detemlnlng a suitable design 
for his blasting charge, Byers used a trial and error method, testing 
literally hundreds of charges on steel plates. If the results looked 
encouraging, he next tried then out on actual bovilders. Numerous trips 
had to be made to the proving groxmds before arriving at a satisfactory 
design which is shown in Fig. 50, This charge was composed of two con- 
centric cones of approximately 30 and 60®, 

The nature of the disruptive ripping effect obtained with this 
charge as contrasted with the relatively clean, penetrating effect of 
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conventional conical char;;* io shorra in '"ir® 51o 

In the initial toots nt Lo<rin ■'ucrry, tha mit Jority rf {jponito 
boiilflcrs, entinntcd to 'arci^h frcn 1-1/1 tons to atrpnoTimatcly 10 tons 
each, wore broken to 100> cnirher ai?a at the ^irst bloTr, nith a notice- 
able absanco of fines, c.-nis''er aiza tonnage ■pro'^nesa nneod ns high 

03 2,05 tons of rock por nouni of exnlosivo \»ea, 1-1/2, 2, and 6-lb« 
charges wore enployed, the Tomer ha'^lng a mldod, panor-pulp container 
which was completely disintegrated by the explosion, and the latter two 
hevln,? alunimm containera which are readily oxidized by the hf>at of 
explosion, thereby elininatinp the danger of flying nissllBs, 




Fig, 50, The "rmltiple-jet shaped blasting chargo," (5) 

Hie principle of thin now charge, rhich ia now knoc-n as the 
"riui'ajct” Is illustrate>ln Fig, 52 and la described by ’^ye-^s (G) 
ati follows: 

"These nc' Ions tsk« pi> ce unon dotonation, ^irst, the 
ware front shorm travels downward fron the concentrated end 
of the blasting cap onti collapseo the top apex of tho cavity 
thereby creating the primary Jet (P), which atarta boring a 
hole into the boulder, 

"The second notion is collapsing of the side apexes, 
creating secondary Jets (E-S^^) which meet and interfere with 
th.> prL-cry jet at the point of convergence, an shown, ’he 
action of those excited gases at this ixilnt of convergonc® 
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is that of on ’Implosion,’ the effect of which serves to 
rip the bouldor axjarta 

"The third action, i-jnedlately followln(^. Is thet of 
the chock woven, sko"n In ’■hs inustrotion, which hr.vc hoen 
deflected towards the boulder and servo the purpose of con- 
plotlVi^ the oliftttcrinj* procoes. The h\o w la of sr^h hl>~h 
intensity and of such short duration 
that tho shattered pieces ere dropned 
In toto before they have had a chance 
to pick UT) momentum and fly through 
the air," 

nils theory of Hyero is certainly a 
novel one and is not in accord with our pre- 
sent concepts of wave propagation, Byers 
depicts the propagation of tho detonation 
wave much as the flux lines in a magnetic 
field of forco rather than in terns of a 
spherical wave front. 

The reason for the spread ing of 
tho Jet at the "point of converijorc e" is 
also not clear. It lould appear that the 
effect of the dual cone should not be 
much different from that of a single cone. 

Figure 53 showa a newer type of 
"Split-jet" shaped bloating cliargo known 
aa the "Plurajet," According to Byers, 
this unit produces a blow four to five 

times that ©f tlia suno explosive even when confined by .md-capping, Tho 
annular ring surrounding the central oavity is baaed on the ^ split- 
jet" principle, and was found to have gi’entor striking force thun a circlo 
of Individual cavities surrounding the central cne. 




rig, 51, Two vie»fs of a steel 
plate after attack by the 
";^.iiltlple-jet shaped blasting 
charge," (5) 



UNCLASSIFIED 





.',w. 



unclassified 



105 - 




Tig, 62, Diagrcn illustretlng the Byora* principlo of 
tho '’multlple-Jnt shapcfl blastliig charge,’* (5) 



A graphic cianple of tho effeotlveneaa of this now Plurajot chorga 
can bo eaen in Fig, 54, 

In this Inatanco, a medium aizs charge waa placed on tho side of 
a dense granite boulder, weighing approxlraotoly 18 tons, Tho indenta- 
tion where tho charge waa hung can be clearly oeen in tho photograph, 
Byera states this boulder was lying within 40 foot of a now electric 
shoael worth #125,000, which was not mo7od prior to tho blest, Tho 
ferthest fra^nent thrown was not iBore than IS feet from the explosion. 

The odvantageB clalmod for tho Plurajet blasting charge are 

legion. 

One of the distinct odTuntageo claimed is tho nan houi'o saved over 
block-holing end mud-capping. In a rocent demonstration in fitrasbui'g, Va, 
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16 Ixjuldors welGhlng i'mn 1/2 to IS tons each (a total of 80 tons) 
v»r« broken to crxoher size by the ^ork of only one men la 30 minutes. 

It waa ostimatej by the quai*ry operetor that it would JmTO taken et 
loacit 5 tinea the msn hours uoir^ the block«holing method, ihis nieont 

/\leo, as there were no broken 
pieces of rock thrown through the sir, 
the shovel was loft only 60 foot away 
on the quarry floor, thereby savinR 
time of tho shovel oporator and wear 
and tsar on oquipnont, 

Ac thero was no scatterli:^' of 
sharp pieces of rook, it was unneces- 
sary for tho bull-dozor to clear tl» 
quarry floor for the waiting rubber- 
tired rock trucks. 

The oafety factor to both men and equipnent, by roasen of ab- 
sence of flying frsgricnts, if? also pointed out us an Important advantage, 
i»hereas in block-holing, tlie actual cost of explosive is mnll| 
the coat of labor to drill and load holes is considerable, 'litn there 
is also tho acc(xiiprr.ylrv; dlradvantege of throwing frag^^mts in pll 
directions, 

rlootnring, or raid-cppping, ur.nr mony tjrr? the crouni of fxplo- 
slve as block-holing and requires mud of proper ccjnDint< ucy« In 
r.eny cuarrle and jrln<»n, mvi or even vrt Rtrd Is not clvwi^'a roi ’i'ly 
available, end its prepc^ation constitutes a consldorable i+em of bother 



a great gain for production. 




Fig, 53, The Plurajot 
shaped bloating charge 
shown with cover rmnoved. 
( 6 ) 



and expense. 
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The niultlple or split- Jrt blasting charge haa the advaatap-oa of 
both the hloclc-holing and rcud-cappin^j techniques. It eliniinater iiia 
need of drilling holes in bouldfrsj and ucccsnpllshes the rcealts of 
luud-cappirig without nud or any other covering. It olimirjatcs .-<»ny 
0oriOT?hat Intangible expenses which are proporiy cliargc&ble against 




Fig. 64, 18-ton granite boulder after attack 
by a "Plm*ajot" charge, (6) 



such coats as, for example, coat of jack-hamera, drlll-bltn ond steel, 
wages of Jack-haimer men, amortization of cost of Jack-harmors, hose, 
etc,, cost of moving x>owor shovels, coeipresaors, and other equipaent 
to bo safe from flying fragaents, costs of bull-dozers to gatJier to- 
gether scattered pieces, and to clear quarry floors for rubber- tired 
dtnp trucks, the ttnB and wear and tear on costly ahovels having to 
fight boulders end keep moving them out of the way until drilling and 
blasting crews can cccie in end shoot then, while the idle trucks stand 
by waiting for tholr loads. 
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The noise of the Plurajet Is somewhat greater than that of block- 
holing, but is less than that of mud-capping. 

In a concussion test recently made, where 32 Plurajet charges 
were fired simultaneously, none of the glass window panes which were 
set up at 100, 150, and 200 feet surrounding the group of boulders 
being blasted, were broken or cracked. The explosire filler is also in 
a high classification as to absence of toxic fumes. 

Plant facilities (5) are being conpleted near llartinsburg, W. 7a. 
to produce the Byers* shaped charges in conjmercial quantities. Loading 
and sealing of the blasting units will be done by a specially-designed 
machine with a capacity of from 250 to 400 completed units per hoxir. 

The magazine storage capacity is from 50,000 to 100,000 completed units. 

As seen from the above, while some shout the praises of the 
shaped charge for breaking boulders, others deem it no better than simi- 
lar solid charges. l?hile some feel that maximum breakage is obtained 
when the maximim penetrating properties of the shaped charges are 
utilized, such as optimum standoff, etc., others maintain that the pene- 
trating ability of shaped charges is of little utility in breaking 
boxilders, and that breakage is greater with no standoff than with standoff. 

No doubt the Byers* charge is an effective rode breaker. However, 
Comparative figtees have not been given showing the breakage attainable 
with a Charge of similar external dimensions and utilizing the same explo- 
sive, following the lines of the tests conducted by Preckel. It is the 
opinion of some experts that an unshaped charge of the same detonation 
rate explosive and similar external dimensions would be Just as effective, 
if not more so, than a shaped charge, and considerably cheaper. What is 
desired is a relatively flat, single-package charge. It is believed that 
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such a charge is more effective than an equivalent amount of dynamite 
sticks due to the higher charge density and the better contact with 
the boulder under attack. These are both due of coxirse to geometrical 
considerations alone. 



When a well Is drilled, it is lined with a casing to prevent 
cave-ins or influx of water from adjacent formations. This casing con- 
sists of at least one steel tube, and sometimes two or three concen- 
trically arranged and jacketed with cement. 

After a well has been producing for some time, it is not uncom- 
mon for it to ♦’run dry” or for its production to fall off due to any of 
several causes which will not be discussed here. 

The idea of opening producing formations by firing steel bullets 
through casing and cement was conceived, and on December 18, 1932 the 
first gun perforating job was accomplished on an oil well which had been 
off production for three years and was ready for abandonment. This work 
was done by the Lane-'S.’ells Co,, and 15-1/2 years later in June 1948, 
this company celebrated its 100,000th gun perforating job by reperfor- 
ating this sane well which was still producing. 

Until 1947, casing perforating was done exclxislvely by the gxm 
perforator method, which consists of lowering into the well to the de- 
sired level a steel cylinder housing an ingeniously arranged battery 
of short-barreled pistols. Each weapon is loaded to shoot a bullet 
through the casing, thus opening channels in the sand through which the 
oil and gas can flow. The propellant used in the guns has a cellulose 
nitrate base and is Ignited electrically. 
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1st MICRO-SECOND -Detonation Besins 




1 DEIONATION WAVE 

5tK MICRO-SECOND , bigins to couapse 

' CONE AS JET FORMS 




I JET PERFORATES THE 

lOtK MICRO-SECOND casing and penetrates 

' THE CEMENT 




_ PlT PINETRATES 

DETONATION IS COMPLETE far rack into 



Klr» Tine oenut nco in 

the perforation of an oH 
woll cn‘iinf 5 ty a Jat per- 
forator o (3) 



Thlfi Beamed for a long tine to bo the 
only Taeana of nn’^lng bolee whore they 
were needed. In view of the thicknooaos 
of the wall cnalnpp, howeror. It wea 
freauently ouoBtlonable so to wh'^thar 
or not alJL the bullete 068*56(1 throu£^ 
tho walla into the oil atrote. 

In 1946 cnslng -norforatlnc: tonta 
mploylnc amnll ohanod chnrges in pleatlG 
containoro were conducted on tt*-' rurface 
uMer simulated conditions with ertremely 
promising results, (31) The devolopnent 
of tho "Jot Perforator," as tho shaped 
charge la generally referred to In tho 
potrolotm Industry today, enga/r^d the 
attention of ooToral exolosiwaa concerns. 
The nodem jet perforator la made with a 
plastic case into which the explosive Is 
pressed, A conical liner of corner la 
used as it disintegrates elnost completely 
with very little slug metal, Ifevlng the 
perforations clean and open. 

Several sizes of chargns are cur- 
rently In production, two typical alsco 
being a se-fjn charge which makes a hole 
anproximotely 1/2" in diameter In the coo- 
ing, and a 21-f5'i» charge which makes a 
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3/8” diameter hole. 

As of Jtily 1950, the jet perforator method had gained such popu- 
larity and fame that it had absorbed about one-third of the perforating 
business in the oil fields. The DuPont Jet perforator is dalmed to 
hare up to 300?6 more penetration power than gun perforators. 

The time sequence in the perforation of an oil well casing by a 
jet perforator is shown in Fig, 56, In practice, the jet perforators 
are fitted into a carrier, which consists essentially of an alloy steel 
tube with ports drilled throxigh the wall in a spiral formation (gener- 
ally 120® phasing on 3” centers ), £5eo Pig, 56, 

Carriers for jet perforators have been made to hold approximately 
12, 24, or 40 charges which in general have 3- in. or 6-ln. spacing. In 
a number of cases, requests are made for densities of 6, 8 or 12 shots 
per foot. 

The perforators, after having a primacord detonating fuse threaded 
through a ferrule on the initiating ends of each charge, are Inserted in 
the carrier, as sho'.m in Fig, 57, and securely fixed in position in 
alignment with their respective ports. The ports are externally sealed 
with pressure-tight closures to exclude the well fluids (oil, mud or 
water) which if allowed to enter the cones of the shaped charge, would 
nullify the JTunroe effect. The lower end of the carrier la sealed off 
or another gun is connected, if more than one is needed. The free end 
of the primacord is brought up through the top of the carrier to the 
detonating sub, where it is connected to an electric blasting cap which 
in turn is connected by means of conductor cable to the surface operating 
truck. Enough air space is left inside each carrier to cushion the blast 
and allow the explosion gases to bleed out over a relatively long period 
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of time* OtherTfise, tho resultant blast would probablv crack the r,-«ll 
casiiif:. 

Lowering la dons by r(ar.ot'» control frwn the nerforatint* truck o 
i'ji electric oabla is run from the truck to a pulley positioned over the 




yig« 56. Lowering a casing perforating 
charge carrier, (16) 



wall, and the carrier la attached. Built into the pulley ero nochanlnna 
for raoaeurlng acc'ix*atoly t)is Trolght load on the cable and the exact 
length unrooled. ’liooo meoaui'eraenta are tr'*nanitted electrically to a 
penal board in the tinick, 3oo 'tg. 57, /Va the charge is lowrod, the 
oi»rator watohee tho weight Indicator to mako airre that the caiTler haa 
not been s topped by an obstruction in the violla Then tte carrier ia 
*on zone" el the oesired depth, the o.ierator inlllates the dstonation. 
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Till* ilial hi(ll<7ilnr llic r.'irrirr is iinw ''on 

/onr“ al 7.899 fr<‘l — and |Ih‘ o|M‘ralnr firrs llir slinl. 



( lo'»r ii|> of llir ^iiiio|na<l in^ uprration. 'riM" sliajHul 
4 -liar^i‘s inn>t he earefiill) ali^iird uilli ^iiii |inrlb. 




Fig. 57, Jet perforating operations, (3) 
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Since all perforatore are linked by a single piece of primacord whose 
velocity of detonation is approximately 22,000 feet per second, the 
detonation of all charges is practically simultaneous, after which the 
empty carrier la pulled out of the well. 

Uie number of holes mode may vary from about a dozen to several 
thousand, depending upon the depth of the producing zone and how many 
perforations are required per foot. In any case, the Job is done 
quickly and effectively. 

Jet perforating can be done at higher temperatures than bullet 
perforating, an Important factor when one considers that some deep 
wells aro 350®?, or hotter, R, Harcue has presented a suimary of 
casing perforating operations on a coirmercial baols over a period of 
approximately six months. (16) The temperatures recorded at the shooting 
depths were almost consistently over 100®?. with many in the vicinity of 
150® and one of 245® in an 11,000 foot well. Since the operation of 
lowering and firing a carrier ordinarily takes a relatively short period 
of time, it ml<^t be assumed that the Jet perforator explosive charge 
would not have sufficient time to be affected to any great extent by 
the well temperatures. However, ell eventualities must be taken into 
consideration in this respect. For example, should it be necessary to 
perforate a very deep well where temperatures range in the 300*s, and 
should it be discovered after a long Jotimey down that the carrier has 
encountered an obstioictlon some thousand feet short of its mark, to with- 
draw the carrier would present a grave danger to operating personnel from 
the possibility of what ie known as a "cook off," To haul the carrier up 
to a cooler level and allow it to sit for a reasonably safe period of time 
before withdrawal might result in a "cook off" in an \indesired region of 
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the well, with possible penetration of the casing, although the jet 
effect and resultant penetration woiild undoubtedly be greatly reduced 
since the charges vjould not be initiated at the proper position. 

Hence a considerable burden is placed on exploslTes to be used 
for oil well work, Pentolite, for example, which otherwise has all ttie 
qualities necessary for efficient shaped charge operation. Is unsatis- 
factory as it has the low melting point of about 180®F, 

An excellent explosive has been developed for jet perforator 
work, iHien loaded at high density, it is relatively insensitive to 
shock; has a high rate of detonation and a high energy content; will 
bum without detonatiiig, and is sensitive to prlmacord only when the 
prlnacord is threaded through the end of the charge designed for its 
entry. In addition to these features, it is designed to withstand a 
temperature of SSS^F. for 24 hours and a temperature of 350®F, for 1 
hour. If excessive temperatures are encountered, it will fume off into 
a gas — excluding all possibility of premature or unwanted detonation 
due to high temperature. These qualities, together with the insulating 
property of the hollow tubvilar carrier, make the explosive entirely 
feasible for use at any well tempera tvre encountered to date. This ex- 
plosive is a waxed HDX composition, A small portion of unwaxed RDX, 
adjacent to the ferrule, acts as a booster charge for the main charge, 

A double-ended charge has been designed and proven successful. 

It is detonated at its midpoint and emits a jet from both ends. In 
addition to doubling the number of holes in the casing \7lth any given 
number of charges, thla design enables a greater percentage of the energy 
to be utilized in penetrating the casing, with correspondingly less ex- 
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traneous energy available for further detrinental effect on the pipe, 

TTiile the adaptation of the lined shaped charge principle to 
petroleum production is by no means complete. It has advanced to the 
stage where its use is an established fact and It appears to be with- 
out a doubt the most effective knovfn means of perforating well casings. 

In spite of the greater effectiveness of Jet perforators, gun 
perforator methods continue to be used In the majority of cases due to 
their cheaper cost. Jet x>erforator8 ore used principally for the more 
difficult shots. 

The oilman today is frequently faced with the need for making the 
decision as to whether he should employ the cheaper gun perforator method 
with the possibility of failure of penetration and subsequent recourse 
to the Jet method anyhow, or whether ho should use the more expensive Jet 
perforators in the first place, ITcedleas to say. Jet perforators are 
steadily gaining in popularity, 

A new technique of oil well shooting has been developed by James 
Jrurphy (41) which also utilizes the shaped charge principle. This 
method involves the use of specially-designed star, wedge, and conically 
shaped charges for the selective shooting of certain strata. Experi- 
mental work was being conducted in 1947 under "Patent Applied For*' pro- 
visions; however, nothing is knovm of the present status of this work, 

TAPPING OFFN HEARTH FURNACES 

One of the latest industrial developcsents of the shaped charge is 
its U09 in tapping open hearth furnaces. Although not as yet in full- 
scale production, "Jet tappers" as they are called, aro currently being 
used as a routine procedure in three shops of one of our major steel 
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cnmpfiT'les j with a Tnonthly con>'«nptlon of ap'jrcxtrately 500 chirpon. 
One of those phc's hss hcc^^ u^'lnr ther rlnce '’■vrmt 1950, It Is 

ohTlouG that t>rj' ir® cirt of th<' cx’'er'’’^cr* al star-c, 

'^*1 corventlonal nethofl of taoTiirf’ open ho«rth fnm''cca 1<» Vy 
reaps of the oTy^np lence. This rctho<1 irvolves the Isnco oporntcr’s 
stnp^lnp by the runner end in"crting his lanco Into the furnace tap 




Flro 5P, Crati tsclion of open heorih furnace top hole thowin 9 Jel Topper m position for firing 



(13) 



hole, ^a the Innco bums through the tap hole fhclng and tho molten 
steel starts to flow flown the runner, ho must ruickly wlthflrow his 
loncc onfl more clear of the runner to keep from helnr hurnrfl. 

In tho jot toppliv: nothofl or. dovelopefl by the DuPont Compnny of 
•filnlngton, Deloware, tho charge la shoved into tha furnace top hole 
on tho end of an 8-foot aplrol-wound paror tube nftcr which the operator 
retires to a rmoto station and fires the charge electrically, \11 unlto 
of the ns-sombly are axpendahlo, 

Tip, 58 shows a crosa-aeetlon of an open hearth tap hole with Jet 
tapper in firing position. The topper consists of a 8-ounco explosive 
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charge of RDX enclosed in a plastic case which is stirrounded by a hollow 
bullet-shaped insulating body ;vith walls l/2-inch thick. The RDX is 
relativsly insensitive to impact and friction, and if heated to a suf- 
ficiently high temperature, will burn without detonation. In one test, 
a case of 24 Jet Tappers was completely soaked in a bonfire of kerosene- 
soaked wood without any sign of a violent reaction. In another test, 
six tappers were laid side by side between steel plates and a 150-potmd 
weight was dropped 9 feet onto the upper plate. Although the charges 
were completely crushed, no detonation resulted. The tappers are deton- 
ated by a special high temperature electric blasting cap situated in a 
well in the back of the plastic case* 

Although the caps will eventually detonate spontaneously after 
prolonged exposure to temperatures above 500®F. , experience has shown 
that they will stay in a hot tap hole for 3-8 minutes without detonating 
when used in the jet tapper assembly. This allows more than enough time 
for normal firing methods to be carried out. 

DuPont jet tappers will penetrate more than 6 inches of cold 
steel. They will penetrate somewhat deeper into hot steel, although 
target temperature has less effect on the depth of penetration than on 
the diameter of the hole produced* A jet which punches a hole about 
3/8 Inches in diameter at atmospheric temperature will make about a 
1-lnch hole at 1500®?. 

Jet tappers are not recoamended for use whenever there is any in- 
dication that a heat is likely to break out of its ovm accord, even 
though tests have Indicated that the cap will not detonate for at least 
a minute even if the assembly is floating in molten steel. 
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liie adTantages claimed for the jet tapper over oxygen lancing 
from both operational and safety standpoints are as follows; 

1* It is unnecessary for anyone to stand by the runner when 
metal starts to flow, 

2. The danger of burns from faulty connections in oxygen 
lances is eliminated, 

3. Pfeats can be tapped at exactly the desired time, avoiding 
off-speelfl cation heats resvilting from delayed taps. This 
is especially Important in the case of manganese steels. 

4. Tape start out at full flow rate, thus reducing over-all 
tapping time end ladle skull. 

5. The uni-directional action of Jet Tappers reduces tap 
hole maintenance end assures perfect alignment of the 
tap hole. 

6. The need for bars to knock down ridges in front of the 
bole is practically eliminated. 

The shaped charge method of tapping is now available for general 
use and it is believed that it will soon win over many followers. 



DRILLING BOIES FOR BLASTING 



The outstanding characteristic of the shaped charge is its large 
penetration ability; hence a considerable amount of investigation has 
gone into the evaluation of the shaped charge as a means for drilling 
holes for blasting in lieu of using drilling machinery. 

In 1948 the U, S, Bureau of Mines completed extensive tests to 
determine the effectiveness and limitations involved in the use of 
shaped charges for drilling blast holes in \inderground mining. (12) 
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All of the shaped charges used were U. S. Corps of Engineers military 
denolltlon-type In two sizes, the 15-pound M2A3 and the 40-pound VZ 
charge. Nearly 140 charges were fired In various types of teats. 

These involved testing the effects of using various standoffs ranging 
frora 0 to 360 Inches and also superimposing the firing of an many as 
17 charges on a single borehole. Boreholes produced In greenstone and 
epidoslte ranged as high as 111 Inches In depth and 12 Inches In dimeter. 
Peak-pressure diaphragm meters were placed at various stations along the 
passageways. 

The results of these testa showed that the shaped charge has no 
practical application In drilling blast holes in underground mines. 

At an estimated cost of $8 per foot of hole, plus considerable spall 
produced by the most efficient single shots with the M3 charge, the coat 
was over 20 times that of producing a better hole with a rock drill. 

The concussion effects would prohibit Its use In many mines, and 
the excess carbon monoxide gas liberated by the 50/50 Pentollte explo- 
sive would be an additional hazard when used underground. 

Peak-pressure meter readings Indicated that In a straight mine 
passageway, the blast effect of the K3 charge would bo harmful to per- 
sonnel at distances up to approximately 1,200 feet. 

The practicability of blasting drill holes In the ground for 
seismic prospecting has also been investigated, (24) For this purpose, 
3-1/2-inch diameter charges of blasting gelatin weighing about 2-1/2 
pounds, and 8-in, diameter charges, weighing about 10 pounds were used. 
Conical copper liners of 53, 70, and 90® were employed. The 2-1/2- 
pound charges produced holes up to 3-1/2 feet deep and 3 to 6 inches 
in diameter, while the 10-pound charges produced holes up to 7 feet deep 
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and 8 to 15 Inches In diasieter. In all cases, the bottom half of the 
hole was filled with loose dirt which could be cleaned out easily. 

With three successive 2-1/2-pound charges, depths up to 6 feet were 
produced, and with three successive 10-pound charges, 8-9 ft, depths 
were obtained. From the above, it api>ears that the shaped charge would 
be useful in seismic prospecting in remote places which are ordinarily 
Inaccessible to standard drilling equipment. 

The use of the shaped ctergo as a quick means of drilling shot- 
holes for blasting has been investigated la England, R, Wostwater of 
the Explosives Division of imperial Chemical Industries, Limited, found 
that it was possible to produce a good shot-hole in sandstone approxi- 
mately 4 feet deep using a 3-3/4-pound conical charge, (55) Bfe con- 
cluded that while quite satisfactory, the use of shaped charges for this 
work is still fairly expensive and can only be considered as a means of 
obtaining a shot-hole in very special circumstances. Such circumstances 
do occasionally arise, however; e,g, , in a case where the time of drilling 
is limited, or where only a few shot-holes are required in an inaccessible 
position, or where power drilling is not available. 

As pointed out in Chapter V in the section on demolition charges, 
if blast holes are to be loaded immediately with a secondary explosive, 
a non-metalllc liner shotild be used in order to eliminate the presence 
of a hot slug. Class liners are satisfactory for this purjpose, 

BLASTING IN UNDERGROUND MINES 

As stated in the previous section, investigations by the U, S, 
Bureau of T!lnes have indicated that the use of military-type demolition 
charges for drilling blast holes in underground mines is impractical. 
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However, work conducted 'by J. T. Warren at the National Tunnel & Mines 
Company property near Tooele, Utah (53) Indicates that the shaped charge 
does have some practical applications in underground raining. 

V/arren experimented with two sizes of shaped charges of rather 
crude construction. The smaller charge, holding 1-1/4 sticks of powder, 
was used for the reduction of boulders on grizzlies and in scrams, while 
the larger charge of nine sticks was used mainly for breaking up finger 
hang-ups. With the small size, it was possible to place at least 10 
charges in the time that it takes to drill, load and shoot one charge 
by the conventional block-hole method. With ths larger size, Warren 
states that: 

"One charge has many times dona the work of three 
boxes of powder and in a few moments as against several 
days. ... Experiments were so successful that the charges 
were immediately put into practical use and as far as we 
were able to put the "bomb" into use (production of the 
cans was slow) we increased our tons per man shift over 
30 per cent and consequently effected a raatorial cost sav- 
ing. We figure that with these bombs we break four tons 
per pound of powder, or that the powder cost per ton 
broken is less than 4 cents." 

In contrast, powder consxmptlon for maximum-size boulders broken 
by the ordinary blasting methods employed at the National Tunnel & Mines 
property has been estimated to average about 1 lb, of explosive per 1 
to 1-1/2 tons of rock broken. Warren claims that use of the shaped 
charge has resulted in lower powder consumption, shorter smoke delays, 
a lighter burden on the ventilation system, and increased production. 

Accoirdlng to Huttl (20), the shaped charges used at the National 
Tunnel & Mines property had a hemispherical steel liner made sli^tly 
less than a full hemisphere, and an outer cyllndro-conlcal sheet-iron 
case. Wire eyelets wore soldered to the outer shell to permit tying it 
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to a blasting stick which was then used to hold the shaped charges 
against large overhead boulders trapped in finger raises. Since high- 
speed, military- type explosivea produce toxic explosion products, a 
45^ strength dynamite was used. Best results were obtained with zero 
standoff. 

The above writers my be overly optimistic about the results 
obtained in breaking rock in nines with shaped charges, llo mention ie 
made as to whether any tests were conducted with charges of approxi- 
mately the sane outside dimensions as the shaped charges used, but with 
the cavities filled with explosive. Several authorities have indicated 
that Jtist as good, if not better, results would probably be obtained 
with the latter cliargec, and at a considerable reduction in cost. 



John A, Boos (44) has reported the use of botae-nado shaped 
charges as drilling aids in churn-drill holes. 

Slow progress and frequent necessity of changing and shari)enlng 
bits when drilling ground containing a large number of boulders are 
well known to mining engineers. There are days v;hen only a few feet 
of headway arc made; more tlmo and effort being devoted to changing 
and sharpening bits than in drilling holes, 

Roos found that boulders too large to be driven aside can usu- 
ally be shattered or broken by xiso of shaped charges without lifting 
the drive pipe. He farmed his charges in small-diameter stovepipe or 
tall tin cans, using a section of another small tin can to give the 
charge a hemi-cylindrlcal cavity, A damp sand filler was added to the 
container above the charge of 60j5 gelatin to help sinlc the charge 
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through the muddy water in the hole. 

In the opinion of Roos, the cost of drilling in hard, boulder- 
strewn ground can be reduced materially by the use of shaped charges. 
Open hole and down hole charges are now being produced by at 
least one major explosives comjjany. 



The possibility of using ehaped charges to drive holes in soft 
and hard ground and in rock for the erection of poles or pylons has 
been Investigated in England by Imperial Chemical Industries, Limited, 

(55) By using a 3-l/2-pound Pentolite, 80®, conical charge, it was 
fotmd possible to produce holes in soil varying from 8-4 feet in 
diameter and 4-5 feet in depth. It appears that by selection of a 
suitable shaped charge, it la possible to drive, even in hard groiand, 
holes of suitable size for the sinking of telephone poles or j^ylons. 

Tests were also conducted on rock using someidiat heavier charges. 
Tabulated results indicate that the holes produced in rock were gener- 
ally cone-shaped craters of greater diameter than depth, the depths 
ranging as high as 3 feet. In some cases it was necessary to fire two 
successive charges in the same position to attain reasonable crater depths. 
Since pylon foundations are \isually sunk in craters and then 
filled in with concrete, it was concluded that the craters produced in 
rock by shaped charges w^re satisfactory for this purpose. However, 
from the economic standpoint, shaped charges for the above typos of work 
would only be acceptable for use in sites inaccessible to ordinary drill- 
ing machinery or where only a few holes might be required in remote 
areas. It is conceivable that charges for this type of work might be 
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justified In such applications as driving holes for pylons of power 
transmission to vers which frequently traverse rough and remote areas, 
hole driving in mountainous and arctic areas, and possibly for use by 
coast and geodetic survey parties. 

UNDERWATER CUTTING 



The use of shaped charges for underwater cutting is feasible, 
provided the water is prevented from entering the cavity area, where 
its presence would practically nullify the Jet effect. This is ac- 
cwaplished by the use of a water-tight standoff sleeve, Uhderwater 
charges are generally of the V-shaped linear type. Up to the present 
time, apparently little use has been made of shaped charges for under- 
water work, however, it would appear that they would bo valuable in 
such applications as metal cutting in wreck disposal, gaining access 
to sunken ships through the hull, salvage work, clearing underwater 
obstacles, cable and chain cutting, severing bridge and pier supports, 
and the like, where underwater flame cutters would otherwise ordinarily 
be used. 

In England, the Hayrick or **stook" charge was developed for such 
purposes during World War II, It consists of a linear V-shaped charge 
having an inflexible metal case. Imperial Chemical Industries, Limited 
has experimented with such charges made up in 1, 2, and 3 ft. lengths. 
When loaded with 1 pound of explosive per foot they con cut through 1 
inch plate under water. Like all shaped charges, however, the cost of 
•’stooks” is high. 

It would be advantageous if underwater charges were equipped with 
a strong adhesive so that they could be easily attached to the object to 
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be attacked. The use of magnets my xarove effective for this purpose 
In the case of metal targets. The DuPont Company has developed a 
simple and relatively inexpensive linear underwater charge which con- 
sists of two strips of metal soldered ijarallol to and tangent to the 
outside surface of a sealed length of pipe forming a trough, A water- 
proof explosive is then pressed into this troxigh. This provides a 
linear shaped clarge having a hemispherical liner, the pipe acting as 
the liner and also providing a watertight standoff sleeve. 

L, F, Porter (45) has patented an elongated, flexible, tubxilar 
shaped charge which my be useful in some types of underwater work. 

It employs a V-shaped metal liner housed in a rubber carrier. The 
liner is sectioned the ai>ex nearly to the base, at short intervals, 

thereby permitting the charge to be bent to follow the contour of the 
object being attacked. 



SEISMC PROSPECTINO 



Comparative tests of the use of shaped and xmshaped charges for 
seismic prospecting have been reported by R, W, Lawrence of the Hercules 
Powder Company, (24) Charges of blasting gelatin and 60f» seismograph 
gelatin, with lined and unllned conical cavities were fired with cased 
and uncased charges. The shaped charges were fired with and without 
standoff. Some 77 charges in all were fired, and a careful comparison 
of the selsmographic records showed no difference in the results obtained 
from shaped charges and from normal charges. 

Another series of trials was made during seismic prospecting 
operations in the ocean. Forty pounds of 7-inch diameter charges with 
60 and 90® conical cavities were compared with similar unshaped charges. 
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Here again, no difference could be observed In the results, 

PmOLITIOH 0? SCRAP MKTAL 

In coamercial metal salvage operations, the use of cutting 
torches is normally accompanied by a great consumption of time and 
materials. The possibility of using shaped charges to assist in the 
demolition of scrap aetal to suitable sizes for re-smelting in fur- 
naces has consequently been investigated. Tests were carried out in 
England (55) on portions of a furnace bottom using 3-3/4-lb, conical 
charges with a gelatin filler. Penetration was obtained, but the 
furnace bottom was not broken up by the charges nor was the depth of 
the resultant bore holes sufficient to permit their being loaded and shot. 

It was therefore concli:ded that the shaped charge could not be 
profitably used for the demolition of scrap metal. 

This writer feels, however, that the conclusion reached on the 
basis of the above tests la hardly justifiable. Penetration, rather 
than shattering of the heavy metal bottom should have been expected. 

It is still conceivable that shaped charges, probably of the linear 
type, nay find specialized uses in reducing metal structures which 
are difficult of access to cutting torches, 

ITECOVERY OF WELL PIPE 

The recovery of casings fipctn wells scheduled for abandonment, 
as well as the recovery of upper portions of multiple strings in active 
wells, nay become a major project in the event of a serious shortage 
of new casings. 

The use of wedge-shaped charges for this purpose offers an un- 
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usually rapid and effective ineans of severing casing at any desired 
level. A comparable use is the cutting of drill pipe that has be- 
come stuck during drilling operations. The conventional method often 
requires several days to complete a single cutting operation, whereas 
with a shaped charge, this work can be done In minutes. 

MISCELL.WEOUS 

MSTCOR STUDY 

Meteor study has been enhanced by the use of shaped charges to 
create artificial meteors in the laboratory, (1) The metal Jets formed 
have velocities comparable to real meteors which come to earth at speeds 
of about 11 miles per second. As the slugs rip through the air, the 
front end becomes incandescent from friction, and the metal vapor trails 
coming from the tip are clearly visible in super-high-speed photographs, 

BLASTIHTr CAPS 

The shaped charge principle was for many years \mwittlngly incor- 
porated into many coinnerclal blasting ceps by the indenting of a nipple 
into the bottom of the cap during its manufacture. Flash radiograph 
studies made of blasting cax>s in the process of detonation show the fonaa- 
tlon of the jet that contributes to their over-all effectiveness, 

FUWCHDTO HOLFIS IN SHEET MATERIAL 

A shaped charge capable of cutting a circular opening throu^ 
sheet material has been patented by I'ohaupt, (34) He sxiggests the pos- 
sibility of its use in fighting fires. Assiimlng that firemen desire to 
get a stream of water into a burning building at a point whore there are 
no doors or windows, a circular V-shaped charge could be used to punch a 
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hole, say 3 to 4 Inches In diaraeter, throuf^ a wall or floor, after 
which a hose could be Inserted th^o^lgh the opening. No nention la made, 
however, of the blast effect on personnel and buildings In the vicinity, 
nor of the attendant dangers of flame and heat on the explosive charge. 

The vise of shaped charges In this case does not appear to be very practicable. 

Ci'fflIF, CUTTDTG 

An apparatus for severing elongated articles such as cables, rods, 
chains, tubes, bars, ropes, pipes and the like has been patented by 
Davis. (11) One application where rapid cutting is hl^ly desirable is 
in the case of gliders towed by airplanes, where immediate release of 
the glider may be essential. 

ENGRAVINQ 

An interesting application of the l.^unroe effect is made by the 
Trojan Powder Company of Allentown, Pa., in engraving steel paper wel^ts. 

This is done largely from a novelty and advertising standpoint. 

CUTTING TREES. PIPE. ETC. 

Annvilar V-shaped charges have been designed, constructed and 
tested for cutting such items as trees, pli>e, cylindrical tanks, etc. 

Although effective, it is doubtful that their use for such pvu*poses 
will ever become widespread becavise of their relatively high cost ani 
because of the accompanying blast problem. 

INVESTIGATING STRENGTH PROPERTIES OF ?!ATERIAL3 

nm 

The use of ^hollow-charge principle for investigating strength 
properties of various materials when subjected to exceedingly high 
pressures has also been proposed. (S) 
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1. The relative superiority of shaped charges and unshaped 
charges for secondary breakage of botildera is still somewhat of a 
matter of controversy. Shaped charges for this purpose have been 
recently put into production. However, it is the opinion of several 
experts baaed on various past investigations that an imshaped charge 
is Just as effective and considerably cheaper than a shaped charge of 
the same external dtmensiona, 

S, Jet perforators are excellent for perforating oil well 
casings, Gxm perforators, although possessing inferior penetrating 
■pcmer than Jet perforators, are otill widely used primarily because 
of their cheaper cost. Jet perforators are used principally for the 
more difficult shots, 

3, The tapping of open hearth furnaces with Jet tappers is 
satisfactory and has several advantages over oxygen lancing. This is 
a new field for the shaped charge, and Jet tappers are as yet only 
in limited production, 

4, Shaped charges can be used to produce satisfactory drill 
holes for blasting. However, their high cost practically limits their 
use to eases in which the time of drilling is limited, or where only 

a few shot-holes are required in inaccessible positions or where power 
drilling equipment is not available. The use of glass liners permits 
the almost Imediate loading of shot-holes with a secondary explosive, 

5, The vise of military-type demolition charges for drilling 
blast holes in underground mines la Impractical, 

6, The use of shaped charges in vinderground mines for reduction 
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of boulders In grizzlies and in scrams, as well as for breaking up 
finger hang-ups looks promising, thou^ as yet has not been fully 
evaluated • 

7. Large boulders encountered in open hole drilling can be 
economically shattered by the use of shaped charges. 

8. It is possible to use shaped charges for driving holes of 
suitable size in the ground for the sinking of pylons or telephone 
poles. Satisfactory craters can also be produced in rock for the 
erection of pylons. However, economy, as well as blast effect, pro- 
hibit their general use for such purposes. 

9. Linear shaped charges appear to have practical application 
in underwater cutting of metal plate such as in salvage work, wreck 
disposal, clearing underwater obstacles, etc. 

10. Comparison of selsmographlc records show no difference in 
the results obtained frmn shaped charges and from nomal charges. 

11. The use of shaped charges for demolition of scrap metal 
does not at present appear to be profitable. 

12. The shaped charge offers a rapid and effective means of 
severing well pipe and casings in recovery operations. 

13. The shaped charge finds useful application in meteor study 
and in the rapid severing of glider tow lines* It may also prove use- 
ful in investigating high strength properties of materials. 
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In view of the fact that stcnmaries have been included at the 
ends of the chapters dealing with the theories of jet formation and 
penetration, and with the military and industrial applications, no 
attempt will be made here to resximarlze this work. 

As yet, the only mathmatical theories dealing with the shaped 
charge phenomenon which have appeared in the open literatvire or in 
categories less than confidential are those develoi)ed in the latter 
port of 1943 and the early part of 1944 by Birkhoff , MacDougal, Pugh 
and Taylor which were published in June 1948. These theories deal 
with the mechanisms of Jet formation and penetration for wedge-shaped 
and conical liners, and are based upon the classical hydrodynamics of 
perfect fluids, which are applicable because the strength of the metals 
involved can be neglected at the high pressures encountered. 

No mathematical theories have as yet been published for hemi- 
spherical liners. However, experimental techniques show that a dif- 
ferent mechanism is operative here. 

Although present mathematical theories hare contributed much to 
our understanding of the phenomena Involved, the theory has not as yet 
advanced to the stage whore it can be directly and precisely applied in 
design calculations. The niimerous variables involved in shaped charges 
are complexly interrelated, and as yet one cannot, by means of slide 
rule and formulae alone, set do^7n the exact specifications for a so- 
called **ideal shaped charge” for a specific purpose. The designer 
can, however, armed with certain scaling laws and a mass of empirical 
data, set down a design which he Icnows will attain the performance 



desired. 






In the case of nilitary weapons, mxlnum penetrating efficiency 
must frequsntly he compranlsed In favor of other considerations. Never- 
theless, the shaped charge principle has been Incorporated Into alnoat 
all tsrpes of weapons by all the major powers, and shaped charges have 
assumed an Important role In the defeat of armor plate and reinforced 
concrete fortifications. 

In the industrial field, shaped charges have not received such 
widesi>read application due primarily to the following reasons: 

(a) ^e noise would be undesirable in many localities. 

(b) Protection of personnel from blast and mlaslle hazards 
would be required. 

(c) The high cost of liners and cases makes shaped charges ex- 
pensive as compared to current commercial explosives. 

(d) Manufacturing and packaging coats are relatively high. 

For the perforation of oil well casings, the shaped charge has 

proven itself superior to any other kno:m tseans. Hero, as In all of 
Its other applications. Its relatively high cost has generally caused 
It to he used only for tho more dlfficxd.t shots. 

In secondary boulder blasting, where opportxinlty exists for 
large-scale us© of a superior rock-brooking charge, it appears that 
the shaped charge Is no better than a plain solid charge of the sane 
explosive and similar external dimensions. 

While a number of other practical applications have been developed. 
In many of theae, use of shaped charges appears Justifiable only In cases 
where conventional cutting or drilling equipment Is not available, or 
where time for accomplishing the work Is limited. 
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Investigation of iwsslble coranercial outlets is being continued 
by various commercial organizations and Individuals, and more will un- 
doubtedly be found. 
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